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EFFECT OF VITAMIN A SUPPLEMENTS UPON THE STATE OF 
VITAMIN A IN BLOOD SERUM OF THE DAIRY COW AND IN 
BLOOD SERUM AND LIVER OF ITS NEONATAL CALF* 


By D. B. PARRISH, G. H. WISE,t ann J. 8. HUGHES 
(From the Kansas Agricultural Experiment Station, Manhattan) 


(Received for publication, September 15, 1947) 


It has been observed that when cows received concentrates of natural 
vitamin A ester during the terminal month of gestation their new-born 
calves possessed greater blood and liver reserves of vitamin A than did 
calves from dams receiving a standard ration, either with or without the 


mee addition of pasture grasses (1). Conceivably the state of this vitamin 


in the blood serum of the supplemented cows might be different from 
that normally present. If the placental membranes exhibited differential 
permeability to the various states of vitamin A in the blood, the form of 
vitamin A in the ration of the dam might be expected to affect the vitamin 
reserves of the fetus. The present investigation was undertaken to study 
the relationship between the form of vitamin A supplement consumed by 
the pregnant cow and the state of vitamin A in its blood and in the blood 
and the liver of the new-born calf. 


Procedures 


Feeding and Management—Sixteen pregnant cows and heifers repre- 
senting four breeds, Holstein, Avrshire, Jersey, and Guernsey, were used in 
this investigation (Table I). Starting 4 weeks previous to expected partu- 
rition, they were given daily oral doses of 500,000 1.v. of either the alcoholic 
or the esterified form of vitamin A, the quantity of supplement being 
doubled 2 weeks later. These cows were part of a group also used in an- 
other study, in which additional details of feeding and management prac- 
) tices have been presented (2). 
| §=6Collection of Samples—Samples of venous blood were collected at the 
periods indicated in Table I. Most of the blood samples were collected 
in the morning, allowed to clot, and centrifuged to obtain serum, which 
was analyzed immediately. The remaining samples were collected in the 
afternoon before administering the vitamin supplement. Serum from these 
samples was stored in the dark at 4° until the following morning, when 
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TABLE [ 


Vitamin A in Blood Serum of Cows Given Supplements of Either Vitamin A Alcohol 
or Ester during Terminal Stages of Gestation 


H, A, J, and G refer to Holstein, Ayrshire, Jersey, and Guernsey breeds, respec. 


Total vitamin A, y per 100 ml Per cent of total vitamin A 
as ester 

Oral supplement Cow 

of vitamin A 
Period Period Period Period Period Period Period Period Period Period 
Il Il! IV | lil IV 


Aleohol H-137 Ww 43 26 S 25 15 


11-136 442 4 | 24 24 27 10 
H-115 35 35) | 7 30 5 
A-2352 23 £6 424 +33 43f 7 17 22 14 
A-243 37 AA 20 6 | 22 7 16 
J-379 | 45 | 
J-365 42 | 40 45 21 20 17 1) 21 
G465 4 | 54 | 21 | 35 | 16 8 | 25 9 
(7-452 41 4s 43 IS 28 | 24 IS 1] 1] 6 
Average Bit it 
Lister H-132 | | 32 oOo | 3 
H-12s 34 3S 2 () 
25 20 23 7 14 Is 
J-35S 4) 34 22 IS 21 Is 5 q 
Average 42 46 25 233 12 7 
24 2s 14) It) 


of both groups 34 12 


* Period I, previous to supplementation with 500.000 1.0. of vitamin A daily, ap- 
proximately 4 weeks ante partum; Period [1], cows given 500,000 1.0. of vitarin A 
daily for 8 to IS days, approximately 2 to 3 weeks ante partum; Period ITT, cows 
given 1,000,000 1.0. of vitamin A daily for 1 to 2 weeks, 2 to 15 days ante partum; 
Period [V, 0 to 2 days post partum, supplement discontinued at parturition; Period 
V, during the period of normal milk production, at least 2 months post partum, 
some of the cows were grazing on pasture grasses at this time. 

73 weeks post partum; not included in the averages. 

t4 days post partum; not included in the averages. 


analyses were made. Blood samples from calves were treated the same 
as those from cows except that, in some cases, it Was necessary to postpone 
analyses of the samples until the 2nd dav atter collection. 

A number of the male calves were sacrificed to obtain livers, which were 
analyzed for total vitamin A and for the aleohol-ester distribution; the 
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analyses were carried out either immediately after removal of the livers or 
after retaining them in a frozen state for not more than 6 days. The state 
of vitamin also was determined in both the liver and the blood of several 
male calves from dams that were subjected to the regular herd régime. 


Tassie Il 
Vitamin A in Blood Serum and in Liver of Dairy Calves 
H, A, J, and G refer to Holstein, Ayrshire, Jersey, and Guernsey breeds, respec- 
tively, from which samples were taken. 


Blood serum Liver 
a < 
No. of dam 
Supplement of dam of calf = 
Time of sample £5 Time of sample 
after birth 7 after birth "> > 
ome ous oan 
y per | 
aed. | 
Vitamin A aleoho! A248 Immediately IS 92 Immediately 15. 72 
(; 482 ve 5 16: 1 hr. 17 | SO 
ester 2 hrs 6 16 2 hrs. 13 83 
Immediately 5/7 
= alceoholand G-4590 hr. 7 12°) 2 hrs. 
tocopherols 
(}-45S hr. lf 
tocopherols \-240 fmmediately 25 
None \ 230 hr. 1 S4 
10 gm. mixed toe 0 hrs S 61 lO hrs. SO 
opherols 
A- 2007 days 26 4 days 
Vitamin A ester 3006 «73 
Vitamin A ester J-35S8§ 82 


. Calf given one feeding of 5 pounds of colostrum | hours after birth 

* Calf fed colostrum from its own dam. 

{Calf fed milk from its own dam, which was nulked through gestation without 
adry rest 

§ Calf weak and died at 39 days of age. 


The experimental treatment of each of the calves and the postnatal age of 
the calf at which materials were taken for analyses are shown in Table II. 

Method of Analysis for Blood ~The vitamin A aleohol and ester content 
of blood serum was determined by a procedure similar to that developed for 
milk and colostrum (3). The tollowmg modifications were tound desirable 
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in applying the method to blood serum. Instead of saponifying the whole 
sample employed for determining total vitamin A, the lipides were ex. 
tracted from the serum before saponification. Tor the first extraction, 
10 ml. of serum were placed in a glass-stoppered centrifuge tube, mixed 
with 10 ml. of ethanol, and shaken for 2 minutes with 20 ml. of diethy| 
ether. Only 10 ml. of ether were used for the second and third extractions, 
respectively. Previous to the chromatographic phase of the analysis, 
5 ml. of purified Skellysolve B (4) were added to the combined ether ex- 
tracts to reduce the water content. ‘These extracts were allowed to remain 
undisturbed for 15 minutes, and the water which separated was drained 
completely. This was followed by removal of the solvent by suction and 
heating at 60°, dissolution of the residue in purified Skellysolve B, and 
chromatographic separation of the alcoholic and esterified forms of vi- 
tamin A. Vitamin A ester in extracts of blood serum seemed to pass through 
the chromatographic column somewhat more slowly than did extracts from 
either milk or colostrum; accordingly, about 20 ml. more of 4 per cent 
acetone-Skellysolve B mixture were used for elution of the vitamin A than 
were used for milk and colostrum samples. 

The part of the sample to be used for determining the total vitamin 
A was saponified with a mixture of 8 ml. of alcoholic KOH (5) and 1 ml. 
of water; only 5 ml. of alcoholic KOH were used for saponification of 
chromatographed samples. If the aleohol content of the saponification 
mixture exceeded 90 per cent, artifacts were formed, causing the results of 
the vitamin A determinations to be too high. Under the conditions em- 
ployed, it was found possible to overcome most of the difficulty; the average 
artifact was found to be equivalent to approximately 1 y per 100 ml. of 
serum (6). However, inattention to this detail may cause considerable 
error, especially in the measurement of esterified vitamin A, since it usually 
is of low concentration. Serum from calves was handled similarly to that 
from cows, except that the frequent occurrence of samples low in vitamin 
A made it desirable to double or triple the quantities of serum used. 

Method of Analysis for Liwer—W hole fresh livers or frozen livers, which 
were allowed to thaw for 1 day at 4°, were homogenized in a Waring 
blendor. 20 gm. of each homogenized sample were dried by grinding with 
anhydrous sodium sulfate. The lipides were extracted from the dried 
material by agitation in a Waring blendor for 4 minutes with 25 ml. of 
ethanol and 100 ml. of diethyl ether. This was followed by three 2 minute 
extractions with 60 ml. of ether each time. A final extraction was made 
with 30 ml. of ether and 30 ml. of Skellysolve B. After each extraction, 
the solution was separated from the solids by filtering under suction. 
The solution containing the extracted material was washed with water to 
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remove alcohol. Aliquots of the extract equivalent to either 2 or 4 gm. 
of liver were used for analysis. ‘The remainder of the method was similar 
to that employed for blood and for colostrum. ‘The final extract was 
adjusted to a volume of 25 or 50 ml., of which 10 ml. were used for de- 
termining vitamin A and carotenoids. 

Precision of Method-—Vitamin A alcohol added to extracts of blood 
serum previous to chromatography was as completely removed by the 
adsorbent as was that used in studies on milk and colostrum (3). How- 
ever, the recovery of added vitamin A ester averaged 87 per cent, which 
was not‘'so high as was found in the previous work. Since it was observed 
that when solutions of concentrates of vitamin A ester were chromato- 
graphed a second time a small amount of the alcoholic form of vitamin A 
apparently was retained on the column, it is suggested that the first passage 
through the adsorbent might have sensitized the ester, causing some of the 
molecules to undergo «a change during subsequent treatment. No cor- 
rection was made for loss of esterified vitamin A on the adsorbent, since for 
many samples the loss was approximately of the same magnitude as small 
apparently unavoidable artifacts, which were discussed in a foregoing sect- 
tion, that usually arose from the saponification procedure. — [f it is assumed 
that each sample, those tor total vitamin A as well as those for determining 
the concentration of the esterified form, contained artifacts equivalent to 
| y of vitamin A per 100 ml. of serum, the corrected vitamin A ester content 
would average only 3 per cent lower than the values reported here. Hence, 
the presence of such artifacts made little difference in the over-all results of 
this study. 

The differences in duplicate determinations of samples for total vitamin 
A averaged +2.2 per cent of the means of the respective samples. Samples 
containing only the esterified vitamin A were more variable. This was to 
be expected, since the vitamin A content of these samples usually was low 
and the samples were subjected to a greater number of operations in the 
analytical procedure. 


Results 


State of Vitamin A in Serum from Cows — Although considerable in- 
dividual variation was observed, one of the salient findings was the generally 
low percentage of vitamin A ester in blood serum of dairy cows (Table 
I). During the periods of vitamin A supplementation and immediately 
thereafter (Periods II, III, and LV), the percentages of the total vitamin 
A of the serum occurring as the ester were essentially the same for the 
experimental group receiving supplements of the alcoholic form of vitamin 
A as for the group receiving the esterified form. However, as the vitamin 
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A of the blood serum reached higher levels upon prolonged supplementation 
with large amounts of either the alcoholic or esterified form of vitamin 
A,’ an increase in the percentage of the esterified form was observed. Be- 
fore supplementation with vitamins was commenced (Period 1), an average 
of 10 per cent of the vitamin A of blood serum occurred as the esterified 
form, but upon supplementation with 500,000 1.U. of vitamin A for 8 to 18 
days (Period II), an average of 16 per cent of ester wus found. After 
increase of the supplement to 1,000,000 1.0. (Period III), 24 per cent of the 
total vitamin A occurred as the ester. From Periods I to IL] the alcoholic 
fraction of vitamin A increased by an average of 4 y (13 per cent of the 
initial value), whereas the ester fraction increased 7.3 y (210 per cent), 
This indicated that, following supplementation, most of the increase of total 
vitamin A occurred in the ester fraction. 

After parturition (Period IV), when the vitamin A content of blood 
serum decreased even though supplements of this vitamin had been given 
ante partum (7), the esterified form averaged 13 per cent of the total 
vitamin A. 2 months later, when the cows were in normal milk production 
and some of them had access to pasture grasses (Period \), the ester con- 
stituted 9 per cent of the total vitamin A in the blood serum. By appli- 
cation of the ¢ test (8) the differences in the concentrations of vitamin A 
ester of successive periods were significant (/? = 0.05 or less) for all except 
the change from Periods [V to V. The smaller number of determinations 
and the rather wide variability possibly account for non-significance in the 
latter case. 

State of Vitamin A in Serum and Livers of Calves except in the cases of 
Calves A-243 and H-138, the vitamin A of the blood serum was predomi- 
nantly in the aleoholic form, only 10 to 26 per cent of the total being esteri- 
fied (Table I1).' Similar results were obtained in samples taken before 
colostrum consumption and in those taken after the calf had received 
colostrum from its own dam for 4 days. 

The blood serum of Calf A-243 contained 92 per cent ester, a value con- 
siderably higher than that found in samples taken from other new-born 
calves prior to colostrum ingestion. Additional observations suggesting 
an abnormal condition with this snimal were a high content of total vit- 
amin A, an unusually high lipide content of the blood, and the highest to- 
copherol level found for a new-born calf (9). The blood serum of Calf 
H-138 at birth contained a total of 4 y of vitamin A per 100 ml. This 


! Forthcoming reports will consider in greater detail the effect of the vitamin A 
content of the diet upon the concentration of vitamin A in the blood serum of dairy 
cows during the terminal stages of gestation and the initial stages of lactation and 
upon the placental transfer of vitamin A to the blood and liver of the neonatal calf. 
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ealf was given 5 pounds oi colostrum, a rich source of vitamin A ester (3), 
and was sacrificed during the period of active digestion and absorption, 
( hours after feeding. At this time, S y of total vitamin A per 100 ml. of 
serum were found, GL per cent being in the esterified form. 

Regardless of age of the calf or of the form of vitamin supplement given 
the dam during the terminal stages of gestation, the vitamin A of calf 
livers was predominantly in the esterified form; all values were between 
70 and &6 per cent (Table I1).’ 

Pigments of Blood Serum and of Liver —Since the alumina column sepa- 
rates the carotenoid pigments in a manner similar to the separation of 
the two forms of vitamin .A, this study has provided, incidentally, ad- 
ditional information of interest. The carotene fraction included all 
pigment that was eluted from the alumina column by 4 per cent acetone in 
Skellvsolve Bo and which remained in the non-saponifiable matter after 
subsequent saponification. ‘Lhe carotenoid pigments of the serums (pig- 
ments of the non-saponifiable fraction) from cows averaged 97 per cent 
earotene. ‘This value is in close agreement with the findings of Gillam and 
KE] Ridi (10) that most of the pigment of blood serum was carotene, lutein 
constituting only about 5 per cent of the total carotenoids. 

The unsaponified pigments obtained by extracting the serum of certain 
eows (for the most part those of the Guernsey breed) contained detectable 
quantities of yellow pigments which were strongly adsorbed at the top of 
the alumina column. Apparently most of these substances were either 
destroved or removed during the saponification and subsequent treatment 
of the samples from which total pigment concentration was determined (6). 

The carotenoids of the blood serum of the four calves sampled after 
colostrum feeding averaged 92 per cent carotene, a value that is not ap- 
precilably different from that obtained tor serum trom cows. Since so 
little vellow pigment is present in the non-saponifiable fractions of extracts 
of liver and of blood of the calves at birth, the degree of precision of the 
method developed for vitamin .\ work was not sufficient for satisfactory 
determinations of the carotenoid-carotene ratios. However, chromatog- 
raphy indicated that the larger part of the pigment of the non-saponifiable 
matter was carotene. When unsaponitied calf liver extracts were chro- 
matographed, a trace of vellow pigment passed through the column at a 
more rapid rate than was usually observed for carotene. Identification of 
the pigment has not been undertaken. A strongly adsorbed vellow pigment 
was observed at the top of the alumina column. If liver extracts are 


? This pigment was soluble in a water-alcohol mixture, turned orange upon treat- 
ment with antimony trichloride reagent, and no longer was extractable by ether or 


Skellvsolve after saponification. 
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incompletely saponified and washed, some of this pigment may be carried 
into the final extract and may cause variable results in the determination 
of the carotene content of liver. 


DISCUSSION 


The results of this study are in agreement with those of Hoch and Hoch 
(11) who found that human serum normally contains 10 to 17 per cent 
vitamin A ester and that doses of either the natural ester as found in liver 
oil or of preparations of vitamin A alcohol increased the proportion of 
vitamin A ester in the serum. Clausen e/ al. (12) reported that almost al] 
vitamin A normally was present in human blood in the alcoholic form, and 
that an increase in the ester fraction occurred when large doses of either 
free or esterified vitamin A were given by mouth. According to these 
authors, the increase in the latter form is presumed to result from the 
absorbed vitamin being transported to storage tissues in the “‘inactive” 
esterified state. The increase of the ester fraction herein reported for 
cows was not so large as for human subjects. This possibly resulted from 
differences in the levels at which the supplements were given, from dif- 
ferences in the interval between feeding of supplements and collecting of 
blood samples for analysis, or from differences in the types of digestive 
system possessed by the respective species. Vitamin A administered to 
the experimental cows probably passed first into the rumen and subse- 
quently through the other gastric compartments into the small intestine. 
Hence, as a result of a greater possibility of destruction or of a gradual 
passage of portions of ingested supplements to the intestine, it is probable 
that the concentration of vitamin A in the gut of the cow was less than 
would be the case with monogastric species, such as humans. If vitamin 
A is transported to the liver as an ester (12), the level of this form of the 
vitamin in the blood would be expected to be proportional to the rate and 
degree of absorption. 

Another possibility indicated by the results is a direct relationship be- 
tween the level of total vitamin A of the serum and the proportion present 
as the ester. In the first place, if the data from all cows are analyzed for 
the periods vitamin A supplements were given, the product moment cor- 
relation (r) between vitamin A content and per cent as ester is 0.58, the 
correlation being highly significant (8). Secondly, a graphic analysis of 
the data for blood serum, in a manner similar to that employed by Glover 
et al. for livers ((13) Fig. la), indicates that a level of about 10 y of vitamin 
A per 100 ml. of serum must be reached before any ester is found. Until 
additional information is obtained, it will not be possible to explain defin- 
itely the experimental observations of increased amounts of the ester 
following supplementation of the dairy ration with vitamin A. 
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Although there was no evidence that gestation and parturition affected 
the vitamin A alcohol-ester ratio, nothing specific was revealed concerning 
this relation, inasmuch as the present study was not designed to gather 
information relative to these factors. 

When saponification was omitted, Boyer ef al. (14) observed that their 
carotene precipitation method yielded vitamin A values 87 to 95 per cent 
of those found following saponification; hence they reported that vitamin 
A was present in cattle blood in the alcoholic form. The finding of varying 
amounts of vitamin A ester in the serum samples of the present study 
introduces the possibility that the lower values which Boyer et al. found 
were due to a small quantity of esterified vitamin A that was precipitated 
with carotene by their method. This view-point is supported by the fact 
that vitamin A has been recovered from filter papers containing the material 
precipitated by the method of Boyer e¢ al. (6). 

The blood of calves at birth contained vitamin A in essentially the same 
state as that of their dams. ‘The results for calves, contrary to indications 
obtained for the serum of cows, did not suggest that a certain level of 
vitamin A was reached in the blood before the vitamin appeared as the 
ester form. ‘There appeared to be a tendency for the concentration of 
vitamin A alcohol to increase in the calf liver as the total vitamin A of the 
blood serum increased. This observation was in agreement with the 
report by Glover ef al. (13) from rat studies, but since only a limited numbey 
of experimental animals was used in the present study, a definite conclusion 
concerning this relationship is not justified. 

The state of vitamin A in the livers of calves (‘Table I1) is similar to that 
reported for the livers of other animals. However, the percentage of 
vitamin A ester is slightly lower than noted for rats (13, 15), for dogs (16), 
and for fish liver oils (17-20), but averaged somewhat higher than the 
values which Sobotka e/ al. (21) found for fish liver oils using a fluorescence 
technique. The ingestion of a single feeding of colostrum, rich in vitamin 
A, apparently did not cause a large temporary increase of the amount of 
vitamin A alcohol in the liver of Calf H-138, as was observed when guinea 
pigs were fed large doses of this vitamin (22). 

Though the data are limited, observations on the amounts of the ester- 
ified form of vitamin A in the blood serum of calves after colostrum con- 
sumption suggest that the stage of absorption or the age of the calf is in- 
volved. The high proportion of vitamin A ester in the blood serum of the 
neonatal calf, No. H-138 (Table II), indicates two possibilities: either 
direct absorption of the colostral vitamin A without hydrolysis, similar to 
the apparent absorption of unaltered protein by the new-born (23, 24), or 
rapid absorption and transport of reesterified vitamin A to the storage 
tissues (12, 25). The percentage of esterified vitamin A in the blood serum 
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of the calves 4 days old (Table I1) was considerably lower than that noted for 
Calf H-138. Factors that might have contributed to these differences are 
possible alterations in the permeability of the intestines and extension of 
the time after feeding at which blood samples were collected, which was 
G hours for Calf H-138 and 12 hours for the older calves. The etlect of the 
stage of absorption on the concentration of the ester form of vitamin A 
is a phase of the problem that warrants additional study. 

It was suggested (1) that perhaps the larger vitamin A reserves of calves 
from dams fed supplements of esterified vitamin A might have resulted 
from an increase of this form of the vitamin in the maternal circulation, 
assuming that the placenta either may be more permeable to, or have a 
lower threshold for, esterified vitamin A. While the change in the ester- 
alcohol ratio of the maternal blood was not so great as expected, most of the 
increase was in the ester fraction; hence the present results are in: accord 
with the foregoing conjecture. Supplementation of the diet of the pre- 
parturient cow with either form of vitamin A effected a similar increase in 
the vitamin A ester of the maternal blood and in the total vitamin A re- 
serves of the neonatal calf. Although the present observations seem to be 
in harmony with the theory (1), further clarification requires additional in- 
formation on the physiological processes involved. 


SUMMARY 


Vitamin A in the blood serum of dairy cows was found to be largely in the 
alcoholic form. Before supplementation of the ante partum ration with 
either the alcoholic or esterified form of vitamin A, the esterified form aver- 
aged 10 per cent of the total vitamin A of the blood serum, but during oral 
administration of 1,000,000 t.0. of vitamin A daily, the esterified form in- 
ereased to 24 per cent of the total vitamin A. Most of the increase of total 
vitamin A of the blood serum occurred in the ester traction. 

The vitamin A of blood serum of calves under normal conditions, both at 
birth and at 4 days of age, was found to be predominantly of the alcoholic 
form, while the vitamin A of the livers was mostly of the esterified form. 

Carotene was found to constitute about 97 per cent of the carotenoids of 
the non-saponifiable extract of the blood serum of dairy cows. Carotene 
constituted about 92 per cent of the total carotenoids of the non-sapontfl- 
able extracts of blood serum of calves that was sampled after colostrum 
consumption. Although most of the pigment of blood serum taken from 
‘alves at birth appeared to be carotene, the method used did not provide 
for a specific determination of the carotene-carotenoid ratio. 

Aleoholie and esterified forms of vitamin A given orally to the dam during 
the terminal stages of gestation seemed to have a similar effect for tortitving 


the vitamin A reserves of the neonatal calt. 
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A TURBIDIMETRIC METHOD FOR THE ASSAY 
OF HYALURONIDASE 


By ALBERT DORFMAN anv MELVIN L. OTT 


(From the Department of Chemistry and Physics, Army Medical Department 
Research and Graduate School, Washington) 


(Received for publication, September 26, 1947) 


A variety of methods have been devised for the assay of the enzyme 
hyaluronidase. ‘These may be divided into four types: (a) measurement 
of the “spreading effect”’ in the skin of rabbits and guinea pigs (1, 2), 
(b) reduction of viscosity (3, 4), (¢) prevention of mucin clot formation (5), 
and (¢d) chemical measurement of total reducing substances, N-acetyl- 
glucosamine, or glucuronic acid liberated on the complete hydrolysis of 
hyaluronic acid (6, 7). 

The first group of methods (‘‘spreading activity’’) is most sensitive, but 
is time-consuming, requires large numbers of animals, and lacks specificity 
in that substances other than hyaluronidase have been shown to possess 
spreading activity. They are of comparatively little value for the routine 
assay of large numbers of preparations. The viscosity method has been 
used widely with considerable success. It is, however, tedious and time- 
consuming and requires large amounts of hyaluronic acid. 

The original mucin clot prevention method is based on the fact that 
hyaluronic acid reacts with acidified albumin to form a clot (5). If hy- 
aluronic acid is first acted on by hyaluronidase, such a clot does not form. 
This then affords a basis for the estimation of hyaluronidase. 

It has been noted that when the smallest amount of enzyme necessary to 
prevent clot formation is used there remains a uniform turbidity. If larger 
amounts of enzyme are used, this turbidity does not develop. 

The use of the various chemical methods is open to serious question in 
that Hahn (8) has recently shown that highly purified hyaluronidase does 
not bring about the complete hydrolysis of hyaluronic acid. The release 
of glucuronic acid and N-acetylglucosamine apparently depends upon the 
presence of contaminating enzymes in the crude preparations. 

A method based on turbidity development seemed most likely to be 
rapid, simple, and accurate. Seastone (9) showed that under certain con- 
ditions turbidity is directly proportional to hyaluronic acid concentration. 
Kass and Seastone (10) used this fact in developing a quantitative tur- 
bidimetric method for the assay of hyaluronidase. They utilized acidified 
serum for turbidity development. Leonard, Perlman, and Kurzrok (11) 
have developed a similar method for the determination of hyaluronidase in 
semen by use of acidified serum. 
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It is the purpose of this communication to describe a modified turbidity 
method with erystalline horse serum albumin. ‘The reagents used in this 
method are stable and easily reproducible. Exact conditions for the use 
of this method have been determined. 

The turbidity method may be applied to the estimation of hyaluronidase 
in two ways. The first of these consists of the determination of the rate at 
which hyaluronic acid is hydrolyzed. This is analogous to the viscosity- 
reducing method. We have shown that this method is adequate and can 
be used in kinetic studies (12). It has the disadvantage of requiring a 
number of different determinations for each sample analyzed and is thus 
time-consuming. A simpler method consists of determining the amount of 
hyaluronic acid which remains after some specific time. ‘This requires only 
one turbidity determination for each preparation being analyzed. ‘The 
method described in this communication depends on such an estimation. 


Materials 


Hyaluronic Actd—Human umbilical cords were washed tree of blood and 
stored under acetone in the cold. The acetone powder was prepared by 
grinding in a meat grinder and washing with acetone. 200 gm. of dry 
powder, 1200 ml. of Hayem’s solution, and 3000 ml. of water were stirred 
vigorously for 2 hours. The resulting solution was centrifuged and filtered 
through glass wool. Hyaluronic acid was precipitated by pouring the 
solution into 12 liters of cold acetone. The stringy material was washed 
three times with cold acetone, filtered, washed twice with aleohol and an- 
hydrous ether. It was finally desiccated over P20; for 24 hours. This 
procedure gave a vield of 6 per cent of a product which gave a relative 
viscosity of 3.0 at a concentration of 10 mg. per ml. For the turbidity 
assay it was made up to 3.0 mg. per ml. in a 0.3 M phosphate buffer at pH 

The solution so prepared is slightly opalescent, but can be obtained 
water-clear by filtration through a Seitz filter. It is diluted to give a 
standard turbidity. This usually requires about a 2:3 dilution. 

Acidified Horse Serum Albumin-—Crystalline horse serum albumin was 
prepared by the method of Kekwick (13). 1 gm. of purified albumin was 
dissolved in 1000 ml. of 0.1 mM acetate buffer of pH 4.1 and the pH subse- 
quently adjusted to 3.75 with 4 ~ hydrochloric acid. This solution keeps 
indefinitely at 4°. Fraction V of bovine albumin, obtained from Armour 
and Company, was found to work equally well. 

Enzyme—Testicular hyaluronidase was prepared trom beef testes by the 
method of Hahn (8) and for the most part the material carried through the 
first ammonium sulfate precipitation was used. HKnzyme so prepared was 
dialyzed free of sulfate at 4°, lyophilized, and stored in the dry state. No 
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evidence of loss of activity has been observed in 6 months storage at —20°. 
For use it was dissolved in 0.2 mM borate buffer of pH 7.5. The activity of 
such preparations was approximately 250 viseosity-reducing units per mg. 
of N. 

Activity of enzyme was ascertained according to Haas (4) and expressed 
as the reciprocal of the half lite & 10%. All determinations were carried out 
at 38°. «Difficulty was encountered in attempting to standardize this unit, 
since it was found that the activity of the enzyme varied with different 
hyaluronic acid preparations. This was circumvented by correcting all 
activities to that obtained with a given lot of hyaluronic acid. In order to 
prevent undue introduction of new units in the literature, this same amount 
of enzyme was used as the arbitrary unit in the turbidity method to be 
described. The unit to be used in this discussion is then essentially based 
ona given amount of standard enzyme preparation. 


Procedure 


| ml. of enzyme solution is mixed with | ml. of hyaluronic acid solution. 
‘The enzyme has usually been made up in 0.5 ml. of 0.2 mM borate buffer, pH 
7.5, and mixed with 0.5 ml. of 0.9 per cent saline. The saline has been in- 
troduced into the procedure for convenience in the determination of hy- 
aluronidase inhibitor.) This mixture is incubated for 45 minutes at 38° in 
Evelyn cuvettes. At the end of this time 10 ml. of acidified albumin 
reagent (at room temperature) are added and the mixture is shaken to in- 
sure complete mixing. Eexacthy 5 minutes later (by stop-wateh) the tube is 
read in the Coleman junior spectrophotometer at a wave-length of 600 mu. 
Lower wave-lengths can be used, but 600 my was selected to obviate inter- 
ference of hemolysis in the determination of livaluronidase inhibitor. 

All determinations are done in duplicate. The tubes used are carefully 
selected so as to have a2 maximum variation of 0.5 of | seale division. 


LAPERIMENTAL 


Relationship of Optical Density to Hyaluronic Acid Concentration— 
Seastone (9) originally reported that the turbidity produced by a mixture of 
hvaluronic acid and acidified albumin is directly proportional to hvaluronie 
acid concentration. “Phat this is so is confirmed by the results illustrated 
in Fig. 1. It will be seen that the relationship ts linear up to about 2.0 mg. 
and bevond this the curve begins to decrease in slope. At higher conecen- 
trations a precipitate and finally a clot form. 

Effect of pil on Turbidity Formation. next group of experiments was 
performed to determine the optimum pH for the precipitation of the 
hvaluronic acid-albumin complex. A series of reagents was made up at 
different pH levels and the turbidity produced was determined. All other 


; 
| 
| 4 
| 
| 
| 


370 ASSAY OF HYALURONIDASE 


conditions were kept constant in this experiment. The pH value given js 
that of the final mixture. It will be seen in Table I that turbidity develop. 
ment (expressed as optical density) is maximum at pH 3.82. This is 
achieved when the albumin reagent is adjusted to pH 3.75. If the pH is 
above or below this value, the turbidity is markedly decreased. 


048 | 
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OPTICAL DENSITY 600 mp 


o3 06 0.9 12 is is 24 27 500 36 
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Fic. 1. Relationship of hyaluronic acid concentration to optical density 


TABLe I 
Effect of pH on Turbidity Development 


2.15 


3.10 4.20 


0.337 0.305 


TABLE II 
ffect of Ve aration tof lonic Strength on T urbidity Development 


0.45 


Ionic strength _.. 0.15 0.25 0.35 


Optical density. 0.321 | 0.245 0.0303 U0 .0304 


Effect of Lonie Strength on Turbidity Development—1t was found that 
turbidity development varied considerably with salt concentration. Table 
If shows the results of an experiment designed to assess the importance of 
this factor. It will be noted that the lowest ionic strength used was 0.15. 
[tis inconvenient to go below this value and obtain proper conditions for 
the maintenance of pH both for enzymatic action and turbidity develop- 
ment. It is evident that the lowest salt concentration produced the maxi- 
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mum turbidity. As salt concentration increases, there is a marked drop in 
turbidity. The added salt was sodium chloride. No experiments were 
performed with other salts. As in previous experiments, all other con- 
ditions were kept constant. 

Effect of Time of Reading on Turbidity—1t was noted that turbidity de- 
creases with time. ‘Table [I] illustrates an experiment in which this factor 
was quantitatively evaluated. The first reading was taken at 5 minutes 
since this is the shortest interval that is convenient when a series of tubes is 
to be read. After longer intervals the rate of change decreases. Routine 
use of longer intervals was, however, found to be disadvantageous, since the 
differences in optical density between different concentrations of hyaluronic 
acid are decreased. It will be noted that the difference in optical density 
between 1.80 and 0.60 mg. of hyaluronie acid is 0.215 at 5 minutes, while 


TABLE III 
Effect of Time on Turbidity Development 


| Hyaluronic acid concentration 
Time | 1.80 me. 1.40 1. 0.60 mg. 
Optical density | 

min 

5 0.347 0.270 0.204 0.132 
10 0.325 0.262 0.197 0.129 
15 0.314 0. 260 0.187 0.116 
20 0.308 0. 25s 0.184 0.116 
30 288 | 0.235 0.116 


at 30 minutes this had decreased to 0.172. This considerably decreases 
the sensitivity and range of the method. 

Effect of Albumin Concentration on Turbidity Devclopment—Since samples 
to be assayed may contain albumin, it was necessary to be sure that the 
albumin in the reagent is present in excess. This is particularly true when 
this method is applied to the assay of hyaluronidase inhibitor in blood 
serum. Fig. 2 shows the turbidity obtained with varying concentrations 
ofalbumin. It was found that the turbidity developed approaches a maxi- 
mum at about 0.50 mg. per ml. It was decided to use 1.0 mg. per ml. 
routinely in order to assure an excess. 

Relationship of Turbidity to Enzyme Concentration—In order to eliminate 
the necessity of multiple determinations, a method was devised, based on 
one turbidity determination. The experiment illustrated in Fig. 3 shows 
the relationship between turbidity (optical density) and enzyme concentra- 
tion when enzyme has been incubated with hyaluronic acid for 45 minutes. 
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It is seen that between 0 and 4 units this relationship is essentially linear, 
The region of linearity ean be varied by changing the length of incubation. 
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hic. 2. Relationship of albumin concentration to optical density 


2 3 4 
UNITS OF HYALURONIDASE 
Fic. 3. Relationship of hyaluronidase concentration to optical density 


With longer time intervals the method becomes more sensitive with less 
range, while with shorter time intervals the method becomes less sensitive 
but with greater range. 
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Careful attention must be paid to details of pH, salt concentration, and 
time. Different batches of hyaluronic acid vary in purity, but can be used 
to get comparable results simply by adjusting the concentration to a given 
optical density. 

Effect of pll on Activity of Hyaluronidase—-Vhe next group of experiments 
was performed to determine the effect of variation of pH on the activity of 
hyaluronidase under these conditions. Several investigators have shown 
that the effect of salt concentration varies with pH and conditions of assay 
(3,5). A series of phosphate buffers (0.3 mM) was made at various pH 
levels and comparison of activity was made. All other conditions were 
kept constant. Table IV illustrates the results of these experiments. The 
h. shown was calculated according to a method devised in this laboratory 
12). It will be noted that the peak is obtained in the region of pH 5.5. 


TaBLe IV 
Kffect of pH on Activity of Hyaluronidase 


pH 40 5 58 5.9) 6.47 


0.022 0.016 


™ 0.0281 0.0316 0.0340 


TABLE V 
of lonic Strength on Hyaluronidase Activity 


lonic strength 0.15 0.21 0.26 0.31 | 0.306 


Optical density 


Initial turbidity 0.280 | 0.286 0.299 0.297 0.292 
2 units (45 min.) 0.161 0.171 0.194 0.208 0.233 
@ *) 0.071 0.089 0.122 0.140 0.168 


It is of interest that activity drops more rapidly on the alkaline side of the 
maximum than on the acid side. This pH (5.5) was then adopted as the 
standard in subsequent studies. 

Effect of Lonie Strength on Hyaluronidase Actiwity—Several investigators 
have studied the effect of variation of salt concentration on hyaluronidase 
activity. ‘This was found to vary with pH. It seemed desirable to rede- 
termine this by the method described in this paper. For this purpose a 
series of hyaluronic acid solutions in phosphate buffers of varying ionic 
strength at constant pil was used. All solutions were adjusted so that the 
optical density of the turbidity developed was constant. All other solu- 
tions were as described under “‘Procedure.””. Table V shows the results of 
such an experiment. In this only one reading was made; namely, after 45 
minutes with 2.and 4 units. ‘The results are expressed in terms of optical 
density and final ionic strength of the reaction mixture. Thus the borate 
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buffer, sodium chloride, and phosphate buffer are included in calculation of 
the ionic strength. It will be noted that increasing ionic strength causes g 
decrease in the activity of the enzyme in the range studied. It is imprage. 
tical to use an ionic strength below 0.15 and have suitable conditions for the 
maintenance of pH. When ionic strength was varied by using a constant 
umount of phosphate and varving amounts of sodium chloride, similar 
results were obtained. 

It was decided to use a total ionic strength of 0.26 (hyaluronic acid js 
made up in 0.3 M phosphate buffer). Although this does not represent the 


TABLE VI 


Reproducibility of Method 


Enzyme units 
Experiment No 0 2 4 6 


Activity as optical density 


0.284 0.164 0.090 0.034 
2 0. 2S0 0.174 0.080 0.031 
3 0.284 0.182 0.093 0.039 
0.296 0.105 0.040 
5 0.288 0.185 0.101 0.046 


Mean... | | 0.287 | 0.0935 


0.038 
| 0.00625 0.00845 | 0.0058 
S.D., enzyme units.... 0.18 0.25 
Coefficient of variation, 9.0 4.2 


optimum ionic strength, it is the minimum concentration of buffer which 
will maintain pH when various unknown samples are being analyzed. 

Reproducibility—Table VI illustrates a series of experiments in which 
repeated determinations of a standard enzyme preparation were made. 
Each determination represents the average of two tubes. ‘Two experi- 
ments were run by one operator and three by another. It will be noted 
that good agreement is obtained at all levels. The standard deviation in 
terms of units of enzyme was obtained by constructing a curve of the means 
and determining the variations of the individual experiments at each level. 

The standard deviation in terms of optical density closely approximates 
the accuracy of the Coleman junior spectrophotometer, indicating that 
further changes in technique are unlikely to increase precision unless some 
other type of instrument is used. 
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DISCUSSION 


The estimation ot hyaluronidase by the viscosity method represents a 
tedious and time-consuming process. Previous investigators have pro- 
posed the use of a turbidity method. These have not gained general favor 
because Of instability of reagents and lack of standardization. Exact con- 
ditions for the use of this assay have now been determined. The reagents 
used are stable and are easily reproducible. 

The literature on hyaluronidase is complicated by the various units intro- 
duced by different investigators. Since these vary widely with conditions 
of pH and salt concentration as well as with purity of substrate, it seems 
unwise at the present time to introduce a new unit. Since hyaluronidase is 
arelatively stable enzyme, we have used an arbitrary unit based on a given 
amount of partially purified enzyme. This can be compared with any un- 
known enzyme by any method of assay. 


SUMMARY 


1. Conditions for the use of the turbidity method for the determination 
of testicular hyaluronidase have been studied in detail. 

2. A simple, rapid, and accurate procedure has been devised which utilizes 
stable reagents. 

3. It is proposed that pending further knowledge the unit of hyaluroni- 
dase be based on a given amount of standard enzyme. 
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THE WINE TICS OF ENZYMATIC HYDROLYSIS OF 
HYALURONIC ACID 


By ALBERT DORFMAN 


(From the Department of Chemistry and Physics, Army Medical Department 
Research and Graduate School, Washington) 


(Received for publication, September 26, 1947) 


The wide-spread natural occurrence of the enzyme hyaluronidase has 
been recognized for a number of years. ‘The recent demonstration of the 
possible role of testicular hyaluronidase in fertilization (1-3), the inhibition 
of hyaluronidase by salicylates (4, 5), and the presence of a hyaluronidase 
inhibitor in human blood have focused attention on this enzyme (6, 7). 
Relatively little attention has been paid to the kinetics of the reaction 
catalyzed by hyaluronidase. It is the purpose of this communication to 
present evidence that, within the usual assay range, this reaction is first 
order with respect to hyaluronic acid, with changing rate due to changing 
substrate concentration. 

A variety of different methods have been devised tor the assay of hy- 
aluronidase. “These have been discussed in the accompanying paper (8). 

The viscosity method was first studied in detail by Madinaveitia and 
Quibbel (9). These workers found that the time required for half re- 
duction in viscosity (half life time) is independent of substrate concentra- 
tion and inversely proportional to enzyme concentration. This has since 
been confirmed by MeClean (10) and Haas (6). 

The viscosity reduction method depends on the rate of decrease in the 
viscosity of a solution otf hyaluronie acid. It has been customary to 
determine the hyaluronidase activity in terms of the reciprocal (or some 
function thereof) ot the half lite time. 

Recently Swyer and IE:mmens (11) have reinvestigated the relationship of 
activity and substrate concentration and have found that at lower con- 
centrations of substrate the activity varies with substrate concentration. 
These workers have also raised objections to the expression of activity as a 
reciprocal of the halt lite time and suggested an alternate procedure which 
depends on the relationship of the log of concentration of enzyme and the 
Viscosity at a specilic time. 

When the fall in viscosity is plotted against time, a characteristic curve 
is obtained. It has been assumed by some that this represents a first 
order reaction. Thus Werthessen ef el. (12) have used this assumption in 
determining the hyaluronidase content of human semen. When one plots 
lag ( against /, a straight line is not obtained: thus doubt is cast on the 


vahdity of the appheation of the equation for a first order reaction. 
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[t has seemed to us that this situation might be explained by the fact 
that the substrate concentration decreases with time, with a consequent 
decrease in concentration of enzyme-substrate complex. According to the 
Michaelis-Menten theory the rate of reaction depends on the concentration 
of enzyme-substrate complex (13). 

The relationship between the substrate concentration and the amount 
of enzyme-substrate complex during any time interval is given by Equa- 


tion 1. 
(EF, ) GS, 
(1) A, =- 
ES,) 
K, = dissociation constant 
(E,) = average concentration of free enzyme from time 0 to time f 
(S,) = average concentration of substrate from time 0 to time t 


(ES.) = average concentration of enzyme-substrate complex from time 0 to time ¢ 
(2) (E.) = ZE — ES, 
LE = total enzyme concentration 
Since the velocity constant (/,,) depends on the enzyme-substrate 
concentration, 
(3) ke, = ACES) 


A = a constant 


ky», = reaction constant for interval from time 0 to time / 


. 


(> — ) ( Se) 
) K, = - 
or 
(zx Nise 
5) 
he, 
A 
(6) 
al 
ke, Sa 
A 
7) Ky = = 
Kv, 
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AZESa ke, So 


K, = 
(8) 
AZES, 
(9) K, = — ees Se 
ke, 
SES, 
he, 
AZES, 
10) = 


Equation 10 relates the velocity constant to the average substrate 
concentration trom time 0 to time /, the dissociation constant, a constant 
A, and the total enzyme concentration. If one now wants to obtain the 
theoretical velocity constant at time 0, it is related to the constant for any 
time interval from 0 to ¢ by Equation 11 or 12. 


ADEN» A, + Sa 
Ke, A, + No AZENe 
or 
Kv No K, > Se 
(12) 


Na kK, No 


If we consider the reaction as first order, the velocity constant (/,,) 
for a time interval from 0 to /is given by Equation 13. 


2 303 No 
(13) AGe = rer 
Ss 


Sp = initial substrate concentration 


S = final substrate concentration at time t 


It will be convenient then to correct the /,, at any time ¢ to some standard 
time. A convenient choice is /,,, which is the theoretical velocity constant 
at fy with substrate concentration So. By combining Equations 12 and 13 
we may now write 14 for 

S Ne K, + No 

On inspection of Equation L4 it will be seen that when Sp» (initial sub- 
strate concentration) is small compared with A, the term (A, + S,)/ 
(K, + So) approaches unity and /,, is closely approximated by the ex- 
pression 


(15) 
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When, however, S, is very large compared to A., the term (A, 4 Sa), 
(A. So! approaches the reciproeal of and + S.)/(K, 
Nog) approaches ] and the standard first order equation holds: 


The experiments presented in this paper were designed to test the validity 
of these formulations. AV, could not be determined in these experiments, 
since for technical reasons it is impossible to carry them out in the presence 
of a great excess of substrate. It has already been shown that the factor 
+ S,)/ (NK, + So) approaches unity at low substrate concentrations, and 
will therefore be omitted from further considerations. 

S, was obtained graphically from the plot of S against time. 


Methods 


Materials used were prepared by methods described in the accompanying 
publication (8). Viscosimetric determinations were carried out essentially 
according to the method of Haas (6). 

The turbidity method used was as deseribed (8) with the exception 
that samples were withdrawn from the reaction mixture at given time in- 
tervals and turbidity was developed and read in the usual way with the 
Coleman junior spectrophotometer. 


EXPERIMENTAL 


The first experiments were performed by the viscosimetric method. In 
order to be able to utilize viscosity data in Equation 15, it had to be shown 
that under the conditions employed viscosity is directly proportional to 
hyaluronic acid concentration. The experiment shown in Fig. | illustrates 
that this is the case. Viscosity is expressed as relative viscosity (y — 1). 
This then represents that portion of the relative viscosity which is contrib- 
uted by the hyaluronic acid. 

Fig. 2 illustrates a typical assay in which viscosity is plotted against 
time. The characteristic curve previously mentioned will be noted. 
Kig. 3 illustrates the same assay when log S (log of viscosity) is plotted 
against time. It is readily apparent that the straight line relationship 
expected in a first order reaction is not obtained. ‘Table | shows the 
results obtained for /,, calculated according to Equation 13 (the standard 
equation for a first order reaction). When, however, /,, (last column) 
was calculated according to Equation 15, relatively good constancy was 
obtained. It should be kept in mind that in addition to the obvious 
experimental errors (which are particularly large in the first points), these 
calculations are made on the assumption that the products of the reaction 
contribute nothing to the viscosity. 
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Table IL illustrates the changes in &,, with changing enzyme concen- 
trations. It is apparent that /&., is direetly proportional to enzyme con- 
| ventration except at high enzyme concentrations. ‘Table II also gives the 
) half life time and the enzyme activity as obtained graphically and expressed 

in the manner of Haas. It is seen that, although this represents a sum- 
mation of etfects due to changing rates, the relationship between concen- 
tration and activity is linear in the range of the lower three enzyme 
concentrations. 


1.50 x 
1.25 
| : 
100 
| 0.75 
0 50 x 
0.25 
3 6 9 12.0 15.0 
mgm. of Hyaluronic Acid 
Fic. 1. Relationship of viscosity to hyaluronic acid concentration 
Phe fact that calculated from /:,, is lower than ¢} obtained graphically 


again reflects the change in rate with time. The calculated value for & 
gives the theoretical half life time, if the reaction is proceeding at rate 
i. during the entire course of the reaction. 

The next group of experiments was performed by a turbidity method 
. based on the mucin clot phenomenon. An appropriate amount of hy- 
aluronic acid solution mixed with enzyme was incubated at the temper- 
atures indicated. 
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In order to use this method the relationship between hyaluronic acid 
concentration and optical density had to be determined. It was found 
that optical density is directly proportional to hyaluronic acid concentra- 
tion. These data are presented in the accompanying paper (8). 

Fig. 4 represents the change in hyaluronic acid concentration with time. 
The curve, it will be noted, closely approximates that obtained with the 
viscosity method (Fig. 2). 
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0.4 200 400 600 800 1000 
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Fic. 2. Change in viscosity plotted against time 


The results of the first group of experiments with the turbidity method 
ure illustrated in Table II]. The values for k,, show a trend similar to 
those obtained with the viscosity method; namely, they drop directly with 
S, (average substrate concentration from f to 4). When k,, is calculated 
by Equation 15, it is noted that good constancy is obtained except during 
the early periods. This deviation is to be expected in view of the fact that 
at these times the difference between S) and S, is so small that small errors 
in the determination of S, produce very large errors in /,.. 

Table IV shows the average k,, obtained with various enzyme concen- 
trations. It will be seen that k,, is directly proportional to enzyme con- 
centration (enzyme concentration is given in arbitrary units). It will be 
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noted that ¢) calculated from /,, bears the sume relationship to ¢} obtained 


Fig. 3. Log of viscosity plotted against time 


ky, As Determined by Viscosity Method 
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TABLE I 


graphically as in the viscosity method (Table IT). 
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Il 
kvg at Different Enzyme Concentrations (Viscosity Method, 


Temperature 38°. 


of | Average kyo At (graphic) 

l | 0.61 | 1103 0.60 1680 

| 0.55 1260 

2 7SS OSS 1135 

1.22 1.20 S3U 

4 1.S0 3M4 1.06 AV 

| 2.10 330 1.85 510 

| 5.15 135 | 5.10 

| 5.29 131 5.70 176 


* Calculated by the formula, t} = 0.693/k,,.. 
t Activity according to Haas. 
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Fre. 4. Change in hyaluronic acid concentration with time (turbidity method 


The next group of experiments was conducted to determine the effeet 


of temperature on the rate of this reaction as measured by /,. The only 


| 
| 
_ 
| 
| 
| 16 
| 14 x | 
| 
1.2 | 
x 
10 
x 
x 
| 
| 


A. DORFMAN 385 


variation in experimental design was the change in temperature. Table 
V illustrates the results of such experiments, showing that for every 10° 


[If 
keg Determined by Turbidity Method 


Temperature 38°, 


—— — - - - 


S (hyaluronic : Sq (hyaluronic 
I 
sec. me. — xX me. X 104 
sec. 
1.80 
600 1.42 3.92 1.62 4.26 
1200 1.12 3.96 1.45 4.90 
1SO0 0.94 3.62 1.31 4.95 
2400 0.75 3.62 1.20 | 5.40 
S000 0.72 3.06 1.09 0.33 
3600 0.63 2.92 1.00 | 5.2 
4200) 0.57 2.45 0.93 5.35 
TABLE IV 
Relationship of kv, to Enzyme Concentration 
concentration keo | t} (graphic) 
x sec. sec. 
1.038 4530 6300 
| | 3.30 2070 2040 
(i 1330 
| 6.90 1005 1210 
* Calculated by the formula, = 0.693 /ky,. 
TABLE V 
Relationship of kv, to Temperature 
k 
X 
Lnzyme concentration 
| 28° 18° 
| 
3.4 
| 7.15 3.84 


Increase in temperature the reaction rate is doubled. If one calculates the 
activation energy by the Arrhenius equation from these data, values of 
12,800 and 11,000 calories are obtained. ‘This is in the range found for 
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many other enzymatic reactions (14). Previous work by Robertson ef 
al. (15) using an enzyme obtained from Clostridium welchit showed a Ky, 
of 1.75. 

DISCUSSION 


The Michaelis-Menten theory of enzyme reactions states that the rate of 
the reaction depends upon the concentration of the enzyme-substrate 
complex. This in turn depends upon the concentration of the substrate 
unless the latter is present in excess. ‘Thus as the substrate is used up, the 
rate of reaction falls, and unless correction is made for this effect, a reaction 
which is truly first order in nature will apparently not obey the standard 
equation for such a reaction. The expression derived in this paper makes 
it possible to correct for this effect. 

It has been assumed in this derivation that the reaction is first order in 
nature with respect to substrate. According to the Michaelis-Menten 
theory this will be true only when the enzyme is not saturated. When the 
enzyme is essentially completely saturated, the rate becomes independent of 
substrate concentration and the reaction behaves as a zero order reaction 
with respect to substrate. Because of this phenomenon the equation 
derived cannot be used to compare different initial substrate concentra- 
tions. The k,, derived is not an absolute constant but depends on the 
particular initial substrate concentration. It is useful in that it is directly 
proportional to enzyme concentration. This may have a more general 
application in the study of other systems m which it is inconvenient or 


impossible to use a large excess of substrate. 
SUMMARY 


1. The kineties of the hydrolysis of hyaluronic acid under the influence 
of hyaluronidase have been studied by two different methods. 

2. If the changing substrate concentration is taken into account, the 
data indicate that this reaction is first order in character under the con- 
ditions studied. 

3. An expression has been deriped for the theoretical reaction velocity 
constant at 0 time. This has been found to fit the experimental data. 

4. The energy of activation calculated by the Arrhenius equation was 
found to be in the neighborhood of 12,000 calories. 

5. The expression derived is of a general nature and should be of im- 
portance in the study of any system in which the concentration of substrate 
is below that necessary for saturation of the enzyme during the course of the 
reaction. 
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STUDIES ON THRE CYCLOPHORASE SYSTEM 


.. THE COMPLETE OXIDATION OF PYRUVIC ACID TO CARBON 
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and Surgeons, Columbia Un iversily, New York) 
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The present communication is the first in a series devoted to documenting 
the properties of a complex of enzymes which catalyzes the complete oxida- 
tion of pyruvic acid by way of the Krebs citric acid cycle (i, 2) and which 
has been named the evelophorase system. ‘The eyclophorase system has 
heen found to be widely distributed in mammalian tissues, with the highest 
concentration in liver and kidney. 

Preparation of Enzyme Compl as Rabbit kidney provides a rich and con- 
venient source for preparation of the eveclophorase system. The full details 
of the preparation are given in the experimental section. “The method con- 
sists essentially in mincing fresh kidney in 0.9 per cent potassium chloride 
at O° and adding alkali in an amount just sufficient to neutralize the acid 
formed when the cells are ruptured.' The easily sedimentable fraction of 
the resulting homogenate contains the evclophorase svstem, and this frac- 
tion is purified by repeated suspension in potassium chloride solution fol- 
fowed by centrifugation. The activity of different batches of ‘“‘enzyme”’ is 
remarkably constant (QO. about 30). In several hundred runs by the 
above method no inactive preparations were obtained. The necessity for 
neutralizing the acidity which develops during mincing has been established 
only in the case of the preparation from rabbit kidney. It does not applv 
to the preparations from cat heart or rat liver. This would suggest that in 
rabbit kidney certain destructive enzymes are prevented from inactivating 
the evclophorase svstem when the pif is maintained above 7.0, whereas in 
other tissues such as liver and heart these destructive enzymes ecither are 
not present or are present in much smaller concentration. Consistent with 
this interpretation is the fact that the well washed cyclophorase preparation 
of rabbit kidney, ¢.y. at the Residue R.? stage, is stable and active at the 

* National Research Council Fellow in the Medical Sciences. 

! Microscopic examination has shown practically no intact cells in the homogenate, 
though the cell nuclei are still essentially undamaged. 

? The sediment obtained by centrifuging the homogenate will be referred to as the 
first residue or Residue R,;. The residue obtained by resuspending Residue R,; in salt 
solution and then centrifuging will be referred to as Residue Re, ete. The organ 
trom Which the enzyme is prepared is indicated by the other initial, in capital letter, 
thus Residue RoK for the second residue from kidnev. 
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same pH (about 6.0) at which the cyclophorase system becomes inactivated 
in the original homogenate. 

The preparation of the eyclophorase system from rabbit kidney is active 
over a period of 12 hours when stored at O°. In rare cases activity has been 
found after 4 days but, in general, less than half the original activity sur- 
vives the Ist day. The enzyme system does not tolerate freezing or drying, 
exposure to high concentrations of salt (greater than 0.1 M), to solvents 
(greater than 10 per cent by volume), to deionized water, to acidity below 
that of pH 4.0, or to alkalinity above that of pH 10. 


500. 
= pyruvate 
= 400, 
< 

300, 

WwW 
4 
5200, 
z 
~ 100 
oO 
no substrate 
10 20 30 


TIME IN MINUTES 
Fic. 1. Oxidation of pyruvate by a freshly prepared enzyme preparation. Each 
manometer vessel contained 1.5 ce. of Residue R,K, 0.2 ec. of 0.125 mM phosphate 
buffer of pH 7.3, and 0.2 ce. of 0.1 mM NaHCO,. In the experimental cup, 0.5 ec. of 
0.1 Mm lithium pyruvate was added. The final voluine was made up to 3 cc. with water; 
alkali in the center well, oxygen in the gas space; bath maintained at 38° and 5 minutes 
equilibration in the bath before closing the taps 


The enzyme suspension is a highly viscous, faintly vellow-colored gel. 
Procedures or conditions which lead to inactivation of the cyclophorase 
system in many cases lead to visible alteration in the appearance of the gel 
from its characteristic smooth consistency to one that resembles curdled 
milk. Elsewhere evidence will be presented that the enzyme preparation 
from rabbit kidney or liver is largely nucleoprotein in nature, though the 
eyclophorase system has yet to be identified with the nucleoprotein in the 
preparation. There are not enough data to decide whether the enzymes 
constituting the eyclophorase complex are just a loose association of chemi- 
‘ally and physically discrete enzymes or whether they are all inextricably 
associated with one another as in a mosaic. 

Components of Cyclophorase System—W hen freshly prepared, the enzyme 
system requires only molecular oxygen for the oxidation of pyruvic acid 
(cf. Fig. 1). With storage at 0° the enzyme preparation undergoes some 
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change by virtue of which it cannot oxidize pyruvate unless supplemented 
with adenosine triphosphate (or adenylic acid) and magnesium ions (ef. 
Fig. 2). Not all the oxidizing enzymes involved in the over-all oxidation 
of pyruvie acid require these two components. Elsewhere the require- 
ments of the individual oxidizing enzymes for various components will be 
considered in detail. 


700 
| complete 
| system 
600, 
s 500, 
= 
2400) 
=x 
300, 
— 
z 
200, 
—no magnesium 
Belen NO 


no pyruvate 


1O 20 30 40 
TIME IN MINUTES 

Fic. 2. Components required for the oxidation of pyruvate by an aged enzyme 
preparation. The complete system contained 1 ce. of a 4 hour-old Residue R;k, 
0.5 ce. of 0.1 M pyruvate, 0.2 ec. of 0.02 M magnesium sulfate, 0.3 ec. of 0.01 M adeno- 
sine triphosphate (atp), 0.5 ec. of 0.1 uw sodium bicarbonate, 0.2 ce. of 0.125 m phos. 
phate buffer of pH 7.3, alkali in the center wel! (0.2 ec.), and water to make up to a 
final volume of 3 ce. Oxygen in the gas space. 


[Individual Steps in Complete Oxidation of Pyruvic Acid 


Krebs and his colleagues in their now classical investigations (1, 2) 
established that pyruvie acid is oxidized to completion by way of the so 
ealled citric acid cycle. They emploved in their experiments homogenates 
of pigeon breast muscle and of other tissues. The experiments reported 
below establish in a more precisely defined enzyme system, viz. the ey- 
clophorase system of rabbit kidney, the same series of reactions demon- 
strated by Krebs in studies with homogenates and indicate the cevelophorase 
system as the one which implements the reactions of the citric acid cycle. 

Since the oxidation of pyruvie acid is evelical in nature, it does not matter 
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which reaction will be the point of departure. For convenience, the oxida- 
tion of a-ketoglutarate to succinate will be considered first. 

Oxidation of a-Ketoglutarate—In presence of 0.033 M malonate, the oxida- 
tion of a-ketoglutarate by the kidney enzyme system only proceeds one 
step to succinate, in agreement with the results of Ochoa (3) in his study of 
an analogous enzyme prepared from cat heart. 


(1) COOH-CH,-CH,-CO-COOH + 40. — COOH-CH.-CH.- COOH + CO, 


The supporting data are shown in Table I. Suecinice acid was isolated from 
the reaction mixture and characterized by melting point (182) before and 
after admixture with a known sample) according to the procedure de- 
scribed by Stumpf ef al. (5) for separating siiceinic acid from malonic acid 
and a-ketoglutarie acid. 

TABLE | 


Oxidation of a-Ketoglutarate to Succinate and Carbon Dioxide in Presence of Malonate 


— — 


disap- Oxygen taken up Carbon dioxide formed 
micromoles microatoms micromoles 
Observed.... 28.0 | 27.1 27.0 
28.0 28.0) 


0.1 ec. of mM malonate, 0.3 ec. of 0.1 mM a-ketoglutarate, 0.5 ce. of 0.04 Mm phosphate 
buffer of pH 7.3, and 0.2 ec. of 0.02 mM magnesium sulfate. Alkali in the center well 
and oxygen in the gas space. Time of experiment, 00 minutes at 38°. a WKetoglu- 
taric acid was estimated by the bisulfite method of Clift and Cook 4). The values 
in the table have all been corrected for the small blanks without added a ketoglu 


tarate. 


Oxidation of Succinate-—The one-step oxidation of succinate to fumarate 
ean be isolated for study by the expedient of shaking the enzyme prepara- 
tion at 38° for some 15 minutes before tipping in the succinate. This 
treatment completely destrovs the other oxidizing enzymes and thus 
makes it possible to study exclusively the action of suecinoxidase. 


(2) COOH-CH.-CH,- COOH + 40, — COOH-CH=CH-COOH == 
COOH-CHOH-CH,-COOT! 


The product of oxidation, viz. fumarate, is brought into equilibrium with 
l-malic acid under the influence of fumarase which is present in the ey- 
clophorase preparation. The data in Table IT show that the requirements 


of equation (2) are satisfied. 

The oxidation of succinate beyond the fumarate-malate stage can also be 
arrested with 0.0033 M arsenite, a reagent which Krebs used successtully for 
the same purpose in his experiments with homogenates of pigeon breast 
muscle. 


| 
| The following additions were made in the manometer ¢ li}? l ce. of Residu Rok, 
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TABLE I] 


Oxidation of Succinate to Fumarate 


Succinate oxidized Oxygen absorbed Malate formed Malate + fumarate*® 
‘ micromoles micromoles micromoles micromoles 
Observed | DOO 49.6 44 50 
Theory | 4AT 


The experimental vessels contained | ee. of Residue R;K, 0.5 ec. of 0.1 M succinate 
‘in the side arm), 0.2 ce. of 0.125 _M phosphate buffer of pH 7.3, and water to a final 
volume of 3 cc.; alkali in the center well and oxygen in the gas space. After the 
manometer vessel was shaken in the bath (38°) for 15 minutes, the taps were closed 
and succinate was tipped in from the side arm. All of the experimental values have 
been corrected for the appropriate blanks. Each of the observed values represents 
the mean of at least two estimations. Agreement was within 3 per cent. Malic 
acid was estimated by the method of Pucher et al. (6). 

* The equilibrium ratio of malate to fumarate has been found to be 7.66 under the 
same conditions as in the oxidation of suecinate. 

t The “theoretical” value of 44 micromoles is the experimental value obtained 
after adding 50 micromoles of malic or fumarie acid to the enzyme mixture. 


[Il 
Oridation of Malate and Fumarate lo Pyruvate 


Oxvaen absorbed Carbon dioxide formed Pyruvic acid formed 
microaloms micromoles micromoles 
Nlalate. observed 14.0 13.0 12.4 
theory 14.0) 14.0 
Fumarate. observed 13.4 13.4 13.5 
theory 13.4 13.4 


Keach experimental manometer vessel contained 1.5 ec. of Residue R3Kk, 0.5 ce. 
of 0.2 Mm 2-amino-2-methyl-1,3-propanediol buffer of pH 9.5, 0.2 cc. of 0.01 Mm adeno- 
sine triphosphate, 0.2 ce. of 0.02 M magnesium sulfate, 0.1 ec. of 0.125 Mm phosphate 
buffer of pH 7.2, 0.15 ce. of 10.N sulfurie acid in the center well, and 0.2 ec. of 0.1 mM 
Lmalate or fumarate. After 15 minutes equilibration in the bath, the taps were 
closed. The OXNVeECH uptake for this period with the Laps opeh Was obtained by extra- 
polation. At the end of the run (70 minutes) acid was tipped in from the center well 
and the total carbon dioxide formation was determined. Pyruvie acid was deter- 
mined by the colorimetric procedure of Straub (7). A known amount of pyruvic 
acid (10 and 20 micromoles) was added to the enzyme mixture as above, but without 
malate or fumarate, and run through as standards with which to compare the ex- 
perimental solutions. All estimations were carried out in duplicate and the values 
recorded above are the mean values, agreement being within 5 per cent in all cases. 


Oxidation of l-Malate At pH 9 the oxidation of /-malate proceeds only 
one step, with accumulation of pyruvate (cf. Table III). The analytical 
data satisty the requirements of equation (3). 


(3 COOH-CHOL-CH,- COOH + 30, —» CH;-CO-COOH + CO, 
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()xalacetate is, in fact, the first product of oxidation. However, it cannot 
be demonstrated as an intermediary under these conditions. When added 
to the enzyme preparation, it is broken down to pyruvate and carbon 
dioxide at a sufficiently rapid rate to preclude any chance of its being 
isolated without employing some trapping device. The decarboxylation 
of oxalacetic acid is partly catalyzed and partly spontaneous in the pH 
range 7 to9. No additions in the way of cations, such as Mg or Mn, are 
needed for the full activity of oxalacetic carboxylase. 

With the aid of cyanide, it becomes possible to demonstrate that oxalace- 
tic acid is the first product of oxidation of /-malate. Since cyanide inhibits 
the system involved in the reaction with molecular oxvgen, methylene blue 
has to be added in order to make possible the reaction with molecular oxygen 
(cf. Table IV). Whereas 1 mole of CO: is formed for each atom of oxygen 
taken up during the oxidation of /-malate at pH 9, no COs is formed when 
the oxidation takes place in presence of cyanide. Ovxalacetic acids reacts 
almost instantaneously with evanide to form the eyanohydrin (9) and no 
free keto acid can be demonstrated. However, the cvanohydrin can be de- 
composed in strongly alkaline solution and the presence of a keto acid is 
now demonstrable. 

Pyruvic acid was demonstrated as the product of oxidation of /-malate by 
isolation from the reaction mixture as the 2,4-dinitrophenylhydrazone. 
After recrystallization from ethyl acetate-ligroin mixtures, the derivative 
melted at 212°. Analysis showed 40.55 per cent C, 3.20 per cent H, and 
20.61 per cent N; theory for CoHsOgN«4 requires 40.28 per cent C, 3.01 per 
cent H, and 20.90 per cent N. The isolation was carried out in a reaction 
mixture buffered at pH 9.5, the pH at which pyruvic acid largely accumu- 
lates. 

Conversion of Oxalacetate to Citrate—In presence of barium ions and 
oxygen, the kidney preparation catalyzes the oxidative conversion of oxal- 
acetic acid to citric acid (cf. Table V*).. Wieland and Rosenthal (10) were 
the first to use barium ions as a device for accumulating citric acid. No 
other additions are necessary for citric acid formation from oxalacetate 
whether the kidney “enzyme” used is freshly prepared or some hours old. 
The yield of citric acid calculated on the basis of the original starting 
amount of oxalacetic acid is admittedly low. However, it can readily be 
shown that the bulk of the oxalacetie acid which disappears either under- 
goes dismutation and oxidation-reduction, resulting in the formation of 
malate, fumarate, and succinate (cf. Table VI), or accumulates as pyruvic 
acid. As yet, no means have been found whereby the conversion of oxal- 
acetic to citric acid can be studied without these other side reactions taking 
place. 


>We are much indebted to Mr. Edward Sperling for carrying out many of these 
estimations. 
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Pyruvate is barely, if at all, oxidized by a well washed kidney enzyme 
such as Residue Rg except in presence of CO, or in presence of catalytic 
amounts of a member of the citric acid cycle (cf. Fig. 3). These observa- 
tions are consistent with the assumption that pyruvic acid is earboxylated 
to form oxalacetic acid and they confirm the results of Wood et al. (11) and 


TaBLe LV 
Oxculation of Malate and Fumarate to Oxralacetate 


No carbon dioxide or pyruvic acid was formed. 


Keto acid estimated after 


Oxygen absorbed exposure to alkali 


microaloms micromoles 


Malate. 10.7 12.3 
Fumarate S.9 7.9 


The experimental manometer vessels contained 1.5 ec. of Residue R3K, 0.05 ce. 
of I m fumarate or malate, 0.5 ec. of 0.1 per cent methylene blue, 0.2 ec. of 0.05 
NaCN (acidified to pH 9) in the side arm, and 0.15 ee. of 10 .N sulfuric acid in the 
center well. The final volume was made up to 3 cc. with water. After the ma- 
nometers were shaken for 5 minutes in the bath, the taps were closed and the cyanide 
solution tipped in from the side arm. The oxygen uptake was then followed until 
complete (20 minutes). Then the acid was tipped in from the center well and the 
total carbon dioxide formed in the reaction was measured. Two separate types of 
controls were run: one, the usual counterpart to the experimental except that no 
substrate was added; the other, identical with the experimental except that strong 
acid was tipped in at zero time (closing of taps) before the cyanide. This control 
provides a measure of the carbon dioxide formed during the 5 minute equilibration 
before the taps were closed and before the oxidation of malate or fumarate was 
stopped at the oxalacetate stage by evanide. Pyruvic acid was estimated in the 
trichloroacetic acid filtrates by the method of Straub (7). The cyanohydrin was 
decomposed as follows: 2 ce. of the trichloroacetic acid filtrate were mixed with 
Jee. of N alkali. After 5 minutes, the alkaline extract was quickly poured into 5 ec. 
of 0.5 per cent 2,4-dinitrophenylhydrazine solution in 4s HCt. Keto acid was then 
estimated by the procedure of Friedemann and Haugen (S). As standard, known 
amounts of pyruvic acid or oxalacetic acid were added to the enzyme mixture as 
above except that substrate was omitted, and these standard solutions were then 
treated exactly as the experimental solutions. The decomposition of cyanohydrin 
is not a quantitative procedure and only some 50 per cent of the keto acid originally 
added could be recovered. When the alkali treatment was omitted, no keto acid 
could be detected in the trichloroacetic acid filtrate. 


Evans ef al.(12)obtained with the use of isotopes on the reversibility of the 
decarboxylation of oxalacetic acid in animal tissues. On purely chemical 
grounds it appears more likely that a condensation between pyruvie acid 
and oxalacetic acid then takes place rather than between 2 molecules of 
oxalacetic acid. Elsewhere evidence will be presented that the kidney 
enzyme preparation catalyzes the condensation of oxalacetic acid with 
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(xalacetate is, in fact, the first product of oxidation. However, it cannot 
be demonstrated as an intermediary under these conditions. When added 
to the enzyme preparation, it is broken down to pyruvate and carbon 
dioxide at a sufficiently rapid rate to preclude any chance of its being 
isolated without employing some trapping device. ‘The decarboxylation 
of oxalacetic acid is partly catalyzed and partly spontaneous in the pH 
range 7 to9. No additions in the way of cations, such as Mg or Mn, are 
needed for the full activity of oxalacetic carboxylase. 

With the aid of cyanide, it becomes possible to demonstrate that oxalace- 
tic acid is the first product of oxidation of ]-malate. Since cyanide inhibits 
the system involved in the reaction with molecular oxygen, methylene blue 
has to be added in order to make possible the reaction with molecular oxygen 
(cf. Table IV). Whereas 1 mole of COs is formed for each atom of oxygen 
taken up during the oxidation of /-malate at pH! 9, no CO» is formed when 
the oxidation takes place in presence of cyanide. Oxalacetic acids reacts 
almost instantaneously with cyanide to form the cyanohydrin (9) and no 
free keto acid can be demonstrated. However, the cyanohydrin can be de- 
composed in strongly alkaline solution and the presence of a keto acid is 
now demonstrable. 

Pyruvic acid was demonstrated as the product of oxidation of /-malate by 
isolation from the reaction mixture as the 2,4-dinitrophenylhydrazone. 
After recrystallization from ethyl acetate-ligroin mixtures, the derivative 
melted at 212°. Analysis showed 40.55 per cent C, 3.20 per cent H, and 
20.61 per cent N; theory for ColTsOgN, requires 40.28 per cent C, 3.01 per 
cent H, and 20.90 per cent N. The isolation was carried out in a reaction 
mixture buffered at pH 9.5, the pH at which pyruvie acid largely accumu- 
lates. 

Conversion of Oxalacetate to Citrate—-In presence of barium ions and 
oxygen, the kidney preparation catalyzes the oxidative conversion of oxal- 
acetic acid to citrie acid (ef. Table V*). Wieland and Rosenthal (10) were 
the first to use barium ions as a device for accumulating citric acid. No 
other additions are necessary for citric acid formation from oxalacetate 
whether the kidney “enzyme” used is freshly prepared or some hours old. 
The yield of citric acid calculated on the basis of the original starting 
amount of oxalacetic acid is admittedly low. However, it can readily be 
shown that the bulk of the oxalacetie acid which disappears either under- 
goes dismutation and oxidation-reduction, resulting in the formation of 
malate, fumarate, and succinate (cf. Table VI), or accumulates as pyruvic 
acid. As yet, no means have been found whereby the conversion of oxal- 
acetic to citrie acid can be studied without these other side reactions taking 
place. 

*We are much indebted to Mr. Edward Sperling for carrying out many of these 
estimations. 
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Pyruvate is barely, if at all, oxidized by a well washed kidney enzyme 
such as Residue Rg except in presence of CO, or in presence of catalytic 
amounts of a member of the citric acid cycle (ef. Fig. 3). These observa- 
tions are consistent with the assumption that pyruvic acid is carboxylated 
to form oxalacetic acid and they confirm the results of Wood e¢ al. (11) and 


TaBie 
Oxculation of Malate and Fumarate t» Oxalacetate 


No carbon dioxide or pyruvic acid was formed. 


Keto acid estimated after 


Oxygen absorbed exposure to alkali 


microaloms micromoles 


Malate 10.7 12.3 
Fumarate | S.9 7.9 


The experimental manometer vessels contained 1.5 ec. of Residue R3kK, 0.05 ec. 
of 1 m fumarate or malate, 0.5 ec. of 0.1 per cent methylene blue, 0.2 ec. of 0.05 
NaCN (acidified to pl 9) in the side arm, and 0.15 ec. of 10 .N sulfuric acid in the 
center well. The final volume was made up to 3 ce. with water. After the ma- 
nometers were shaken for 5 minutes in the bath, the taps were closed and the cyanide 
solution tipped in from the side arm. The oxygen uptake was then followed until 
complete (20 minutes). Then the acid was tipped in from the center well and the 
total carbon dioxide formed in the reaction was measured. Two separate types of 
controls were run: one, the usual counterpart to the experimental except that no 
substrate was added; the other, identical with the experimental except that strong 
acid was tipped in at zero time (closing of taps) before the cyanide. This control 
provides a measure of the carbon dioxide formed during the 5 minute equilibration 
before the taps were closed and before the oxidation of malate or fumarate was 
stopped at the oxalacetate stage by cyanide. Pyruvie acid was estimated in the 
trichloroacetic acid filtrates by the method of Straub (7). The cyanohydrin was 
decomposed as follows: 2 ce. of the trichloroacetic acid filtrate were mixed with 
Zee.of Nalkali. After 5 minutes, the alkaline extract was quickly poured into 5 ce. 
of 0.5 per cent 2,4-dinitrophenylhydrazine solution in 4\ HCl. Keto acid was then 
estimated by the procedure of Friedemann and Haugen (Ss). As standard, known 
amounts of pyruvie acid or oxalacetic acid were added to the enzyme mixture as 
above except that substrate was omitted, and these standard solutions were then 
treated exactly as the experimental solutions. The decomposition of cyanohydrin 
is not a quantitative procedure and only some SO per cent of the keto acid originally 
added could be recovered. When the alkali treatment was omitted, no keto acid 
could be detected in the trichloroacetic acid filtrate 


Evans ef al/.(12)obtained with the use of isotopes on the reversibility of the 
decarboxylation of oxalacetic acid in animal tissues. On purely chemical 
grounds it appears more likely that a condensation between pyruvie acid 
and oxalacetic acid then takes place rather than between 2 molecules of 
oxalacetic acid. Elsewhere evidence will be presented that the kidney 
enzyme preparation catalyzes the condensation of oxalacetic acid with 
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other partners such as acetoacetic acid. The data of Tables V and VI. as 
well as of Fig. 3, are consistent with equation (4), although they do not 
establish its validity. 

Taste V 


Formation of Citrate from Oxalacetate 


Complete system. . $3.9 
Without barium 1.4 

oxalacetate 
Oxygen... 
Complete system but with boiled enzyme 0.1 


The yield of citric acid in this experiment was 3.5 K 2 1.3 150 & li = 
percent. The factor 1.3 corrects for the amount of cis-aconitic and isocitric acids 
present in equilibrium with citric acid. The complete system contained 1.5 ec. of 
Residue R;k, 0.1 ec. of Mm barium chloride, 0.5 cc. of 0.1 M oxalacetate, and water 
toa final volume of 3ce. Oxygen in the gas space; time of experiment, 60 minutes 


TasBLe VI 


Carbon Balances Study of Anaerobic Disa of Oxralacctate 


Formed Disappe 
wricron 
Citrate... 1. 
Pyruvate 21 
Malate + fumarate. 7 
Succinate..... 5.0 
Oxalacetate.... 


The recovery of oxalacetate in the form of these four compounds is 104 per cent, 
if we allow for the fact that 1 molecule of citrate is equivalent to 2 molecules of 
oxalacetate and that for each molecule of pyruvic acid and citric acid formed 2 and 
1 molecules respectively of carbon dioxide are evolved. The experiments were set 
up in Thunberg tubes. The experimental tubes contained 2 cc. of Residue of Rok, 
0.25 ce. of 0.125 Mm phosphate buffer of pI1 7.3, 0.5 cc. of M oxalacetate, and 0.25 ce. 
of water. The blank tubes contained no substrate. After evacuation the tubes 
were kept at 38° for | hour. Depending pon the estimation, the contents of each 
set of experimental and control tubes were deproteinized either with trichloroacetic 
acid or with sulfuric-tungstic acid. For the methods of estimation sec the exper 
mental section. Each estimation was carried out at least in duplicate 


4) 
(4) COOH-CO-CH.-COOH + CH.-CO-COOH eitrie acid + CO 


The rabbit kidney enzyme system contains the enzvine, discovered by 
Martius (13), which brings isocitric, citric, and c7s-aconitie acids into equi- 
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librium with one another (cf. Table VII). Thus, citric acid, when referred 
to in connection with the kidney system, must be considered to be accom- 
panied by an equilibrium amount of isocitric and cis-aconitic acids. It 


iO 00, 
= | pyruvate + fumarate 
= 8600. 
oO 
| pyruvate + bicarbonate 
yw 
x 
a 
400, 
z 
200, 


fumarate -no pyruvate 
pyruvate without bicarbonate 
: bicarbonate without pyruvate 
Te 20 30 
TIME IN MINUTES 


hie. 3. Sparking of pyruvate oxidation with bicarbonate or with fumarate in 
catalytic concentration. The complete systems contained 1 ec. of Residue R;K, 
ce. of M pyruvate, 0.3 ec. of 0.0L adenosine triphosphate, 0.2 ce. of 0.02 
MgSO,, 0.1 ec. of 0.125 Mm phosphate buffer of pH 7.3, and either 0.5 ce. of 0.1 wt bi 
carbonate or 0.03 ce. of 0.1 M fumarate. 


VII 


Kquilibrium of Citric Acid with Isecitric and cis-Aconitic Acids 


Addition Citric acid found at equilibrium 


micromoles 


i‘) micromoles citric acid 47 
isocitric acid 46 
60) cis-aconitic acid 46 
trans-aconitic acid 0.2 
None 0 


The experiments were carried out anaerobically in Thunberg tubes for 45 minutes 
at 38°.) The additions were 1.5 ec. of Residue R3k, 0.2 ec. of 0.125 um phosphate 
buffer of pIL 7.2, and 0.6 ee. of O.1 Me substrate. The final volume was made up to 
3ce. with water. Citrie acid was estimated essentially by the method of Pucher 
etal. (6, 14). 


should also be stressed that there is no evidence as vet bearing on the ques- 
tion which of the three equilibrium forms is the actual product of the oxida. 
tive condensation. Citrie acid happens to be the form actually estimated, 
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but otherwise there is no reason tor selecting citric acid rather than the 
other two forms. 

The properties of citrogenase, the enzyme complex which catalyzes the 
formation of citric acid from oxalacetic acid, has been studied in some detail 
by Breusch (15, 16), Wieland and Rosenthal (10), and Hunter and Leloir 
(17). There is still uncertainty as to the mechanism and details of both 
the condensation and oxidation reaction involved in citric acid formation. 


Tabie 


af (Citrate and Isocitrate to 


Substrate Concentration of arsenite Oxygen absorbed a-Ketoglutarate forms 
M micromaloms MACTIMO 

Citrate 0. QU66 7.8 5.6 

0. 9.1 7.6 

0.0033 12.1 

Jsocitrate 0. 0066 5.0 
OO33 


The experimental manometer flasks contained 1.5 cc. of Residue Rylk, 0.4 ee. of 
0.1 m citrate or isocitrate, arsenite in a final concentration of either 0.0066 or 0.0033 mw, 
alkali in the center well, and water to a final volume of 3ce. The experiments were 
carried out for 30 to 60 minutes at 38° with oxygen in the gas space. The values 
for the oxygen uptake and formation of a-ketoglutarate have been corrected for 
their appropriate blanks. Aninternal standard was used in the estimation of a-keto 
glutarate by the method of Friedemann and Haugen (8). An enzyme mixture as 
above was prepared containing 10 micromoles of a-ketoglutarate but no citrate or 
isocitrate. This mixture was then carried through the procedure, identical to that 
of the experimental solution. The oxygen uptake in the cup containing a@a-keto- 
glutarate was taken as the appropriate blank value for correcting the rates obtaining 
in presence of citrate or isocitrate. 

Oxidation of Isocitrate—At pH 9, the oxidation of isocitrate (or citrate 
and cis-aconitate) to a-ketoglutarate proceeds according to equation (5): 


(5) COOH-CH- (CH,-COOH)-CHOH-COOH + 30, 
COOH-CH.-CH,-CO-COOH + CO, 


Table VITI shows that the analytical data satisty the requirements of equa- 
tion (5). a-Ketoglutaric acid was isolated from the reaction mixture as its 
2,4-dinitrophenylhydrazone. After three recrystallizations from aqueous 
alcohol, the derivative was found to contain 40.9 per cent C and 3.00 per 
cent H; theory for Cy, HyoOsN,, 40.5 per cent C and 3.07 per cent H. 
Ochoa (18) has shown that a soluble pyridinoprotein enzyme of heart 
muscle catalyzes the oxidation of isocitrate to oxalosuccinate, which in turn 
is decarboxylated to a-ketoglutarate and carbon dioxide. Oxalosuccinate 
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may well be an intermediary in the oxidation of isocitrate in the eyelophor- 
ase system, but as yet no direct evidence can be brought to bear. Under 
the conditions of our experiments, oxalosuccinate is bro‘sen down so quickly 
to a-ketoglutarate that it is virtually equivalent to adding a-ketoglutarate. 
There is no evidence of a carboxylase in the cyclophorase system specifie for 
oxalosuccinate. Apparently the observed breakdown in presence of the 
enzyme can be accounted for in terms of the spontaneous non-enzymatic 


reaction. 


procitric 
pyruvic 
oxaloacetic Cis-aconitic = isocitric == citric 
malic «== fumaric a ketoglutaric 
succinic 


‘itric acicd cvcle 


There is but one indireet bit of evidence which tavors oxalosuecinate as 
an intermediary in the oxidation of isocitrate. a-Ketoglutarate ean be 
reductively carboxylated to citric acid under certain conditions, a process 
which would argue oxalosuccinate as the primary carboxylation product. 


Complete Oxidation of Pyruvati 


It follows trom what has been said previously that any member of the 
citric acid cycle (graphically represented in Fig. 4) should be oxidized 
to carbon dioxide and water in absence of any inhibitors and at pH 7.3. 
There are only five oxidative steps in one complete turn of the cycle, which 
means that more than one turn will be needed to oxidize any member of the 
eitric acid cycle that requires per molecule more than 5 atoms of oxygen. 
In Table IX, evidence is presented that all the postulated members of the 
eyele are oxidized to completion within the limits of error of the mano- 


‘We are much indebted to Dr. William Atchley for carrving out these manometric 


experiments. 
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metric methods. It should also be pointed out that the rates with which 
all these substances are oxidized are sufficiently rapid to permit the assump- 
tion that they share a common pathway of metabolism. 

In the rabbit kidney system, pyruvic acid is oxidized exclusively by way 
of the citric acid cycle. The system in animal tissues described by Stumpf 


TABLE IX 
Complete Oxidation of Members of Citric Acid Cyck 


| Oxygen 

| micromoles microaloms microaloms 
a-Ketoglutarate |. 5 38.1 40.0 
Malate......_. 5 30.7 30.0 

J 10 56.5 60.6 
Citrate. | 5 47.1 45.0 
Isocitrate. 5 45.3 15.0 
Succinate. 5 34.3 35.0 
Fumarate 5 34.0 30.0 
Pyruvate..... 5 23.9 25.0 
cis-Aconitate . 5 48.4 45.0 
Oxalacetate 2.5 12.2 12.5 
Substrate oxidized Carbon dioxidk 

micromoles | micromoles micromoles 
a-Ketoglutarate ! 4.37 21.3 21.9 
Isocitrate. | 3.79 21.7 22.9 
Succinate. 3.77 15.1 | 17.2 
Fumarate | 4.73 16.4 | IS.9 
cis-Aconitate 9.00 27.9 | 30.0 


The complete system in every case contained 1.5 cc. of Residue Rok, 0.3 ce. of 
0.01 Mm adenosine triphosphate, 0.2 ec. of 0.02 M magnesium sulfate, 0.2 ce. of 0.125 
phosphate buffer of pH 7.2, and substrate in the amount indicated. In the main 
compartment of both the experimental and blank manometer vessels, | micromole 
of succinate was added to prevent the deterioration of the enzyme during the equili- 
bration period. After 5 minutes, the taps were closed and the substrate solution 
in the side arm was then mixed with the cup contents. Carbon dioxide formation 
was measured by the indirect method described fully in Umbreit eft al. (19). The 
manometric experiments quoted above are representative experiments which have 
heen consistently duplicated. 
et al. (5), which oxidizes pyruvie acid to acetic acid, apparently is not 
present in the kidney cvclophorase preparation. 

Anacrobic Oxidation-Reduction—-Oxygen is not an obligatory oxidizing 
agent for the cyclophorase system. Ferricyanide, for example, can substi- 
tute for oxygen effectively, as is shown in Fig. 5. Methylene blue is another 
satisfactory acceptor. In addition, it is possible to use the oxidant of one 
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Fig. 5. Oxidation of a-ketoglutarate by ferricyanide. The experimental cup 
sontained Lec. of Residue RK, 0.3 ce. of 0.01 mM adenosine triphosphate, 0.2 ce. of 
0.02 « magnesium sulfate, 0.3 ce. of 0.1 Mm a-ketoglutarate, 0.1 ec. of 0.5 sodium bi- 
carbonate, and 0.2 ce. of 0.5 u ferricvanide. The final volume was made up to 3 ce. 
with water; 95 per cent nitrogen-5 per cent carbon dioxide gas mixture in the gas 


space. 
Qi ketoglutarate 
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Fig. 6. Oxidation of a-ketoglutarate by acetoacetate. The experimental cup 
contained 1.5 ee. of Residue RK, 0.3 ce. of O.OL w adenosine triphosphate, 0.2 cc. 
of 0.02 magnesium sulfate, 0.2 ee. of 0.125 phosphate buffer of pH 7.2, 0.3 ce. of 
e-ketoglutarate, 0.1 ce. of 0.066 acetoacetate, 0.1 ce. of 0.5 NaHCQs, 0.03 cc. 
of mw fluoride. and 0.37 ec. of water; 05 per cent nitrogen-5 per cent carbon dioxide gas 
mixture in the gas space 
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oxidation system to oxidize the reductant of another system. Thus, 
a-ketoglutaric acid can be oxidized by acetoacetate. These particular 
oxidation reactions can be followed manometricaHy by measuring carbon 
dioxide evolution in a bicarbonate medium (cf. Fig. 6). A further example 
of these oxidation-reductions is the oxidation of citrate by various hydrogen 
acceptors such as acetoacetate and fumarate. 

Distribution of Cyclophorase System—Active preparations of the ey- 
clophorase system have been obtained from kidney (rabbit, cat, pigeon, 
goat, dog, lamb, guinea pig), liver (rabbit, rat, pigeon), heart (cat, pigeon, 
rabbit), brain (rabbit, pigeon), and breast muscle (pigeon). The kidneys 
invariably provide rich sources of the cyclophorase system. Liver is also a 
rich source, but the preparation of active enzyme is more difficult from this 
tissue. 

EXPERIMENTAL 


Preparation of Enzyme Complex—Three rabbits (2 to 3 kilos in weight) 
are killed by a blow on the head and exsanguinated. The kidneys are 
removed and cooled immediately in ice water. Within 5 minutes the 
kidneys are blended with 350 ec. of ice-cold 0.9 per cent potassium chloride 
solution for a period of 2 minutes. Approximately 1.3 ec. of N sodium 
hydroxide have to be added to maintain the pH between 7 and 7.5 during 
the blending. The pH should be checked continually by removing drops 
and testing with brom-thymol blue. The homogenate is centrifuged for 15 
minutes in the 1 liter conical head of an International Equipment Company 
refrigerated centrifuge at 2000 *& g. The temperature must never be al- 
lowed to exceed 5° throughout all manipulations. The supernatant fluid is 
poured off and replaced by an equal volume of cold potassium chloride 
solution. The residue (R,) is evenly resuspended and the mixture cen- 
trifuged for 7 minutes. At Residue R;, stage, the residue is taken up in the 
minimum volume of cold potassium chloride and a smooth gel is prepared. 
From the kidneys of three rabbits, approximately 45 ec. of suspension are 
obtained. 

Reagents—The following methods of preparation were used: lithium 
pyruvate (20), oxalacetie acid (21), a-ketoglutaric acid (22), adenosine 
triphosphate (19), and cis-aconitic acid (23). We are indebted to Dr. 
Pucher for a sample of the methyl ester of isocitric acid and to Dr. Severo 
Ochoa for the barium salt of oxalosuccinie acid. 

Method of Estimation—The following analytical procedures were used: 
citric acid (6, 14, 24), malic acid (25), pyruvic acid (7), a-ketoglutarie acid 
(4, 26), succinic acid (27), oxalacetic acid (28). 

Manometry—The usual manometric procedures were employed except 
that the substrate was mixed with the enzyme at the start of the experiment 
to avoid the inactivation which results from shaking the enzyme at 38° in 
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absence of substrate. The manometers were equilibrated for 5 minutes in 
the bath before the taps were closed. 


SUMMARY 
The cyclophorase system of rabbit kidney has been shown to catalyze the 
oxidation of pyruvie acid to carbon dioxide and water by way of the citric 


acid cycle. 


We are indebted to the Rockefeller Foundation, the Williams-Waterman 
Fund of the Research Corporation, and the American Cancer Society, Inc., 


for grants in aid. 
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THE ENZYMATIC STEPS IN UREA SYNTHESIS* 
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Investigations on the synthesis of arginine from citrulline (Step II of 
the Krebs-Henseleit urea eycle) and citrulline from ornithine (Step 1) by 
rat liver homogenates have been reported previously (1-3). The study of 
the latter reaction was made possible by the apparently critical magnesium 
jon concentration required for the function of the liver transimination 
(citrulline to arginine) system. An attempt to isolate these reactions 
further has led to the use of differential centrifugation methods. By this 
means a separation of the two reactions has now been effected. 

The system for the synthesis of citrulline was found to be associated 
with the insoluble residues of the rat liver cell, while the system involved 
in the svnthesis of arginine required two fractions, a soluble protein com- 
ponent plus the insoluble residue. 

The use of these tissue fractions has led to more detailed information 
regarding the optimum requirements for Steps I and II. It has now been 
shown that the citrulline to arginine reaction involves the transfer of hy- 
drogen through the evtochrome system. Furthermore, the step ornithine 
to citrulline is shown to require the presence of magnesium ions and high 
concentrations of either ATP (adenosine triphosphate) or AMP (adenylie 
acid), as well as ornithine, glutamic acid, ammonium, potassium, phosphate, 
and bicarbonate ions, carbon dioxide, and oxygen at the concentrations 
used previously with whole homogenate. 

It is the purpose of the present paper to deseribe in detail the experi- 
ments leading to the above findings. 


Procedures 


Preparation of Homogenates —A 20 per cent homogenate in isotonic KCl, 
prepared as described previously (1), is centrifuged LO minutes at 2000g 
ina cold room kept at 1°. The resulting cloudy supernatant fluid, used 
as such or in diluted form, is designated in this study as the supernatant. 
The sediment is washed in a volume of isotonic KCl equal to that of the 
supernatant, poured off, and centrifuged for another 10 minute period at 
the same speed. The washed sediment is taken up in the same vo'ume of 
isotonic KCL and used as such. This preparation is referred to as the 


* Aided in part by a grant from the Wisconsin Alumni Research Foundation. 
405 


| 
| 
| 


406 ENZYMATIC STEPS IN UREA SYNTHESIS 


residue in this paper. 0.5 ml. of residue suspension contained from 1.0 te 
1.3 mg. of tissue N. 

Homogenates of heart muscle and pigeon breast muscle were prepared 
in the following manner. The fresh tissue was chilled, cut into small 
pieces, homogenized in a volume of isotonic NaC] sufficient to make a 25 
to 30 per cent homogenate in the Potter and Elvehjem apparatus (4), and 
filtered through four layers of gauze before use. A volume of 0.5 ml. was 
used per flask. 

Other Tissue Preparations—F¥or freezing treatment, preparations pre- 
pared as described above were stoppered tightly and left in a deep freeze 
compartment overnight. Prior to using they were thawed out at room 
temperature. 

Boiled homogenate preparations were made by heating the residue or 
supernatant in a steam bath for 10 minutes and filtering off the coagulated 
proteins. The light greenish yellow filtrate was then used. 0.5 ml. con- 
tained from 0.3 to 0.4 mg. of N. 

Preparations stored overnight were kept in stoppered tubes at 1°. 

An acetone powder of the supernatant was prepared by adding 2 volumes 
of ice-cold acetone to the supernatant, followed by collection of the pre- 
eipitate by suction filtration. The residue was dried in vacuo over HS, 
and ground in a mortar with isotonic KCl] before use. 

An acetone powder of whole homogenate was prepared by adding i 
volumes of acetone to the homogenate, followed by centrifugation and 
desiccation of the residue tn racuo over HoSO,. The powder was taken up 
in isotonic KC] before use. 
> Ineubation—All incubations were carried out in Warburg flasks at 38° 
for 1 hour unless otherwise specified. 1.0 to 1.5 mg. of residue N was used 
per flask for studies of Step 1; 0.5 to 0.8 mg. each of supernatant and res- 
idue N for Step II. The total incubation volume was 3.0 ml. 

Anaerobic experiments were carried out as described hefore (3). 

Analytical—Methods and procedures for the analyses of urea and citrul- 
line have been described before (1, 3). Urea was measured as the end- 
product of the citrulline to arginine reaction, since the activity of liver 
arginase in our preparations was always such as to insure the complete 
hvdrolysis of arginine. 

Preparations Used—Sources of the preparations used have been listed 
previously (1, 3). 


Results 
Synthesis of Arginine from Citrulline (Step TT) 


Differential Centrifugation —The results obtained with the use of homo- 
genate fractions prepared by centrifugation are shown in Table I. Neither 
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the residue nor supernatant was active alone, even in the presence of added 
calf liver arginase (5). Recombination of the two fractions, however, 
resulted in the regeneration of almost the total activity of the original 
whole homogenate. Heating of either fraction resulted in the loss of ac- 
tivity. Freezing destroyed only the residue activity. Dialysis against 
isotonic NaCl was without influence. Acetone powders of the supernatant 
and Whole homogenate showed slight activity when fortified with fresh 
residue. Both fractions were relatively stable to storage, in contrast to 
the instability of whole homogenate, which lost two-thirds of its activity 
on storage for 24 hours at 1°. 

Since the function of the insoluble residue could be demonstrated in 
other tissues such as heart and pigeon breast muscle homogenates, in- 
eapable of synthesizing arginine per se, it was believed that the residue 
contained the system for the transport of hydrogen. In addition, the 
necessity for evtochrome c, present in bound form in the residue, has been 
shown. Since the supernatant from liver is not replaceable by that from 
other tissues, with the exception of kidney, it is believed to contain the 
enzyme catalyzing the synthesis. Evidence that this enzyme is present 
in solution has been obtained in experiments in which a supernatant, pre- 
pared by centrifuging a rabbit liver homogenate at 40,000g for 2 hours, 
was found to be active. 

Fumarate was included in the incubation medium, since it was found to 
stimulate the svnthesis some 25 per cent. Oxalacetate was equally effec- 
tive. The function of these oxidizable substrates may be associated with 
the regeneration of ATP. 

While Step I was shown to be sensitive to potassium ions (3), this is not 
the case with Step II in whieh sodium or potassium ions were equally 
effective. 

Cytochrome c--The role of eyvtochrome ¢ in the transimination reaction 
was first suggested by Borsook and Dubnolf (6). Our early studies with 
whole liver homogenate showed its effect to be inconstant (1). The pres- 
ent resolution of homogenate into two parts has now made a study of this 
question possible. Potter (7) observed that the dissipation of eytochrome 
e took place to a greater extent when water instead of saline was used to 
homogenize liver. An experiment was devised whereby the sediment from 
a centrifugation was taken up in water, stored for 10 minutes, and restored 
to isotonicity. ‘This residue plus the supernatant was pipetted into flasks 
containing increments of eytochrome c. Fig. 1 illustrates the results of 
this experiment. The optimum cytochrome c concentration was about 
3X 10° M. A control carried out at the same time with normally pre- 
pared residue, with no added cytochrome c, gave a value of 70.3 micro- 
liters. This would indicate that the normal concentration of cytochrome 
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ec bound in the residue is of the order of 1.6 & 10° MM. Supplementation 
of the supernatant with cytochrome ¢ showed no synthesis of arginine from 
citrulline. 


Synthesis of Citrulline from Ornithine (Step 1) 


Differential Centrifugation—The activity of the system catalyzing this 
reaction remains in the sediment on centrifugation. ‘lable [I shows the 
relative activities of whole homogenate, regenerated homogenate, «nd the 
residue. Although the total vield of citrulline obtained with the residue 
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Kia. 1. Effect of cytochrome c on the formation of arginine by water treated ho- 
mogenate residue. Final substrate concentrations, pL-citrulline 0.0033 1, L-glutamie 
acid 0.0066 m, ATP 0.001 mM, fumarate 0.0066 M, phosphate at pH! 7.5, 0.017 mt, magne. 
sium ions 0.0033 mM, and potassium ions to bring the medium to isotonicity. Gas 
phase, O,. 20 per cent KOH in the center wells. Since the preparation contained 
arginase, arginine Was measured as urea. 


Wiis low, it was 24 per cent more setive than whole homogenate on the 
basis of mg. of N. The addition of boiled supernatant increased the over- 
all vield, but not the vield per mg. of N. Additional supplementation of 
the medium with magnesium ions and adenine nucleotides increased the 
rate of synthesis as much as 460 per cent at 0.003 

The stabilitv of the enzyme system to repeated washings was investi 
gated (Table IT). The highest activity per my. of residue N was attained 
with the first washing. Residue washed two sand three times was still 
somewhat more active than the non-washed preparation.  lburther wash- 
ings resulted in considerable loss of activity; thus after six washings, the 
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TABLE | 
Activity of Homogenate Fractions in Steps I and II 


Final substrate concentrations for Step I, pL-ornithine hydrochloride 0.0033 m, 
i-glutamic acid 0.033 M, ammonium ions 0.0067 mM, AMP 0.0005 Mm, ATP 0.0005 m, 
phosphate at pli 7.15, 0.017 mM, bicarbonate ions 0.0077 M, and potassium ions to bring 
the medium to isotonicity. The supplement for whole homogenate contained no 
magnesium ions; the supplement for the residue contained 0.01 M magnesium ions. 
(jas phase, 5 per cent CO,-95 per cent Os. Step Il, oi-citrulline 0.0033 L-glutamic 
acid 0.00606 vw. ATP 0.001 M, fumarate 0.0066 M, phosphate at pH! 7.5, 0.017 mM, magne- 
sium ious 0.0033 mM, and potassium ions to bring the medium to isotonicity. Gas 
phase, QO». 20 per cent KOH in the center wells. 


Per cent activity per 
mg. N 


Step I Step Il 
Whole homogenate (0 time) 100.0 
(30 min. storage)... 74.0 96.0 
Residue + supernatant (30 min. manipulation 94.5 
ws + supplement optimum for whole homogenate .. | 123.8 2.4 
boiled supernatant....... «157.2 4.7 

+ supplement optimum for vesidue. | 
Supernatant + supplement optimum for whole homogenate... 1.0. 1.2 
-+ heart muscle homogenate. . | 65.5 
+ pigeon breast muscle homogenate.............. | 45.0 


TaBLe II 
Eefiect of Repeated Washings on Residue 
Final substrate concentrations, pL-ornithine hydrochloride 0.0033 u, L-glutamic 
acid 0.033 ammonium ions, 0.0067 AMP 0.0005 ATP 0.0005 phosphate at 
pH 7.15, 0.017 mM, bicarbonate ions 0.0077 mM, magnesium ions 0.01 M, and potassium 
ions to bring the medium to isotonicity. Gas phase, 5 per cent CQ.-95 per cent 
0O.. Each washing resulted in the loss of about 10 per cent residue N. 


No. of residue washings Per cent activity remaining per mg. residue N 
0 | 100.0 
l | 116.4 
2 107.4 
3 | 105.0 
4 | 60.2 
5 | 56.6 
6 | 17.5 


activity was 17.5 per cent that of the original. The addition of vacuum- 
concentrated washings and an extract of boiled fresh homogenate (8) did not 
reactivate the residue. Fortification with cytochrome c, biotin, glut- 
athione, coenzyme I, coenzyme II, pyridoxal phosphate, pyridoxine, pyri- 
doxamine, and thiamine pyrophosphate was also without effect. 
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Requirement of Magnesium Lon -In previous work with whole homo. 
genate (3), magnesium ions were eliminated purposely to prevent the con- 
version into arginine and urea of the citrulline synthesized. With a laek 
of magnesium ions the optimum vield obtained was 40 to 50 microliters of 
citrulline per mg. of whole homogenate N. In the newly devised svstem 
the addition of magnesium ions increased the vield 400 per cent, the opti- 
mum concentration being 9 &K 1073 mM (Fig. 2). It is uncertain whether ) 
this effect is due to the function of the ATP regenerating system, or directly 
associated with the synthesis itself. Manganese ions were without effect. 

Requirement of ATP and AMP-—-Fig. 3 illustrates the requirements of 
the whole homogenate and residue systems for ATP and AMP. With 
whole homogenate AMP is at least twice as efficient as ATP. With resi- 
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ic. 2. Effeet of magnesium ion concentration on the formation of citrulline by 
homogenate residue. Final substrate concentrations, pL-ornithine hydrochloride 
0.0033 mM, L-glutamic acid 0.033 mM, ammonium ions 0.0067 «, AMP 0.0005 m, ATP 
0.0005 mM, phosphate at pli 7.15, 0.017 m, bicarbonate ions 0.0077 M, and potassium 
ions to bring the medium to isotonicity. Gas phase, 5 per cent CO,-95 per cent 0. 


due ATP and AMP are almost equally good, and considerably more effi- 
cient per unit concentration. The yield of citrulline at the 6 micromole 
level (0.02 mM) was at least 3 times that shown with the whole homogenate | 
system. These effects might be explained on the basis of the requirements 
of competitive reactions in the case of whole homogenate no longer en- | 
countered in the washed residue preparations, or on the basis of the presence | 
of an optimum magnesium ion concentration. Numerous experiments de- 
vised to determine the specificity of the system for either ATP or AMP 
were unsuccessful. While high yields of citrulline could be obtained with 
high concentrations of these reagents, the final molarity of 0.001 Mm (AMP 
0.0005 Mm + ATP 0.0005 1) used throughout the study was chosen for 
reasons of economy. 

Effect of Incubation In previous study (3) an unexplained cessa- 
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tion of synthesis was noted after 45 minutes of incubation (Fig. 4). In- 
vestigation of this effect with residue showed no stoppage at this time, 
but instead a linear reaction extending beyond 120 minutes in a system 
containing 3 micromoles of AMP-ATP. With 9 micromoles of AMP-ATP 
present, synthesis proceeded very rapidly, the yield being more than twice 
that obtained with 3 micromoles. 

Effect of Tissue Nitrogen— An evaluation of the effect of residue concen- 
tration on the svnthesis was made (Tig. 5). With increasing concentrations 
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Fic. 3. Effect of increasing concentrations of AMP, ATP, or both on the formation 
of citrulline by whole homogenate and residue. Final substrate concentrations, vL- 
ornithine hydrochloride 0.0033 mM, L-glutamic acid 0.033 M, ammonium ions 0.0067 mM, 
phosphate at pl 7.15, 0.017 m, bicarbonate ions 0.0077 mM, and potassium ions to bring 
the medium to isotonicity. For experiments with residue, 0.01 M magnesium ions 
were added. (Gas phase, 5 per cent CO,-95 per cent Oy». 


of tissue the theoretical amount of citrulline was almost realized, in con- 
trast to the results obtained with whole homogenate in which higher tissue 
concentrations stimulated the removal of citrulline. In the presence of 
9 micromoles of AMP-ATP, the initial rate of synthesis was somewhat 
higher than in the case of 3 micromoles. Synthesis with the higher quan- 
tity, however, abruptly stopped short of theoretical at higher tissue con- 
centrations. The reason for this is not apparent. It is possible that the 
higher concentrations of ATP are hydrolyzed with such rapidity as to 
lower the pH of this system. 
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Fic. 4. Effect of incubation time on the formation of citrulline by whole homog. 
enate and residue. Final substrate concentrations for whole homogenate, pL- 
ornithine hydrochloride 0.0033 mM, L-glutamie acid 0.033 mM, ammonium ions 0.0067 M, 
AMP 0.001 mM, phosphate at pH 7.15, 0.017 m, bicarbonate ions 0.0077 m, and potassium 
ions to bring the medium to isotonicity. Final substrate concentration for residue 
same as above except for AMP 0.0005 to 0.0015 mu, ATP 0.0005 to 0.0015 mM, and magne- 
sium ions 0.01 mM. Gas phase, 5 per cent COs-95 per cent Ov. 
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Fic. 5. Effect of tissue concentration on the formation of citrulline by homogenate 
residue. Final substrate concentrations, pL-ornithine hydrochloride 0.0033 Mm, L- 
glutamic acid 0.033 mM, ammonium ions 0.0067 , AMP 0.0005 to 0.0015 11, ATP 0.0005 
to 0.0015 mM, magnesium ions 0.01 M, phosphate at pH 7.15, 0.017 w, bicarbonate ions 
0.0077 m, and potassium ions to bring the medium to isotonicity. Gas phase, 5 per 
eent CO.-95 per cent Ov. 
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Requirement of Oxygen and Carbon Dioxide—-AMP and ATP at high con- 
centrations were incapable of supporting the synthesis of citrulline in an 
anaerobic atmosphere. 

Bach (9) found that formie acid could replace bicarbonate as the source 
of the urea carbonyl in work with tissue slices. This observation has now 
been confirmed with homogenates. It also appears that higher concen- 
trations of formic acid can replace both bicarbonate and carbon dioxide. 


DISCUSSION 

It is now evident that the three steps of the Krebs-Henseleit urea cycle 
are not as closely related structurally in the whole cell as might be sup- 
posed. Step I, the endergonic conversion of ornithine to citrulline, and 
Step III, the hydrolysis of arginine to urea and ornithine, appear to be 
functions associated with the nuclear matter of the liver cell (10). Step IT, 
the conversion of citrulline to arginine, also endergonic, appears to be a 
two-step reaction depending on a soluble cellular component, the specific 
synthesizing enzyme, as well as the insoluble nuclear residue containing a 
hydrogen transport system. The latter separation enabled the demonstra- 
tion of the rdle of ¢ytochrome ¢ in the synthesis of arginine. While such 
a requirement has not as vet been shown for Step 1, the possibility can- 
not be excluded in view of the sdhibition of synthesis at low concentrations 
of evanide. 

A study of the over-all urea cyele with whole homogenate resulted in 
values never equaling those obtained with liver slices. A few of the factors 
known to account for the lower magnitude of homogenate results were (1) 
pH (pH 7.3, intermediate between the optimum pH of the two endergonic¢ 
reactions (Fig. 6), was used in these studies); (2) the inhibition of the syn- 
thesis of arginine by ammonium ions (2) required for the synthesis of citrul- 
line; and (3) the presence of 10 to 20 times the optimum concentration of 
glutamic acid required for Step IT. 

The greater effectiveness of AMP over ATP in previous work on the 
conversion of ornithine to citrulline (3) had led us to believe that the energy- 
coupling mechanism for that synthesis did not involve ATP. This point 
isno longer certain. The present work has shown that the svnthesis can 
be accomplished almost equally efficiently with either AMP or ATP. The 
simple assumption that ATP is aetive by virtue of its hvdrolysis to AMP 
is shadowed by the apparent requirement of the svstem for inorganic phos- 
phate and the stimulation of activity by magnesium and fluoride ions. On 
the other hand, it is equally difficult to assume that the resynthesis of 
ATP oceurs at this rapid pace. The third obvious possibility is that neither 
isinvolved as such. Clarification of this question must await further study. 

It is highly probable that the conversion of ornithine to citrulline is at 
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least a two-step reaction (11). The centritugation procedure utilized here 
did not, however, offer any evidence for the existence of more than one 
enzymatic system. This may or may pot mean thet the synthetic steps 
must of necessity occur simultaneously. [It is, however, evident that the 
differentiation of these steps is requisite for the solution of the AM P-ATP 
and glutamic acid pictures. 
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Fic. 6. iffect of pH on Steps I and II of the urea cycle. Final substrate concen. 
trations: Step J, pi-ornithine hydrochloride 0.00383 L-glutamic acid 0.033 am- 
monium ions 0.0067 AMP 0.001 mM, phosphate at pH 7.15, 0.017 bicarbonate ions 
0.0077 M, and potassium ions to bring the medium to isotonicity. Cas phase, 5 per 
cent CO.-95 per cent Os. Whole homogenate N per flask, 2.8 mg. Slep 
line 0.0033 mM, L-glutamic acid 0.0066 ATP 0.001 M, fumarate 0.0066 phosphate 
at pH 7.5, 0.017 M, magnesium ions 0.0033 mM, and potassium ions to bring the medium 
to isotonicity. Gas phase, Ov. 20 per cent KOH in the center wells. ‘Tissue N per 
flask, 1.47 mg. Since the preparation contained arginase, arginine was measured as 
urea. 


An alternative hypothesis involving a “glutamine evele” tor the svnthe- 
sis of urea has been proposed by Leuthardt and Glasson (12 14). Since no 
data other than those obtained with the use of liver slices were available. 
afew experiments with tissue homogenates were carried out. All attempts 
to Wemonstrate the synthesis of urea from glutamine were unsuccessful. 


SUMMARY 


|. Further studies in the synthesis of arginine trom citrulline, and eitral- 
line from ornithine, have been carried out with tissue homogenate fractions 
obtained by differential centrifugation. 
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2? The enzyme svstem catalyzing the citrulline-arginine reaction has been 
resolved into two parts, a soluble synthesizing enzyme fraction and an 
insoluble hydrogen transport traction which appears to include the eyto- 
chrome svstem. 

3. The enzyme system catalyzing the ornithine-citrulline reaction is asso- 
ciated with the insoluble residue of the liver cell. Supplementation of the 
residue With magnesium ions in addition to the requirements prescribed for 
the whole homogenate svstem is necessary for optimum activity. Both 
AMP and ATP are almost equally effective with residue. 

{. The significance of these findings in relation to the Krebs-Henseleit 


urea evele is discussed. 
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THE IN VITRO EFFECT OF TOCOPHEROL PHOSPHATE ON 
THRE RESPIRATION OF MUSCLE FROM NORMAL 
AND DYSTROPHIC RABBITS* 


By J. P. HUMMEL?t ann DANIEL BASINSKIY 


(From the Biochemical Laboratory, State University of Iowa, Towa City) 
(Received for publication, October 9, 1947) 


The observation of Houchin (1) that a-tocopherol phosphate restores to 
normal the excessive in vitro oxygen consumption of muscle of animals 
made dystrophic by lack of a-tocopherol was the first experimental evi- 
dence that this vitamin plays a direct role in cellular respiration. Because 
of the peculiar susceptibility of muscle cells to shredding in the preparation 
of tissue slices, the procedure that he employed is open to criticism. Con- 
frmation of this claim was therefore attempted by the use of muscle slices 
and the less objectionable muscle strips from normal and dystrophic rabbits. 
In our hands, the oxygen uptake of dystrophic muscle strips was greatly in 
excess of that of normal strips, whereas with muscle slices there was only a 
slight difference; also in neither case could an in vitro influence of tocopherol 
phosphate on cellular respiration be established. 


EXPERIMENTAL 


Rabbits weighing 500 to 1000 gm. were placed on the dystrophy-pro- 
ducing diet used in previous studies (1). Symptoms of muscular dystrophy 
became apparent within 2 to 3 weeks. The animals were used for study 
when they were unable to right themselves after being placed on their sides, 
Control rabbits were maintained on the same diet, and were given, orally, 
15 mg. of a-tocopherol acetate! in olive oil every 4 days. 

The rabbits were anesthetized with pentobarbital sodium (35 mg. per 
kilo of body weight) given by marginal ear vein. The semitendinosus and 
medial portions of the rectus femoris were rapidly excised and placed in 
cold Krebs-Ringer-phosphate solution.” 


* Aided by a grant from the John and Mary R. Markle Foundation. 

t Present address, Wenner-Grens Institute, University of Stockholm, Stockholm, 
Sweden. 

} Present address, Research Laboratory, Children’s Fund of Michigan, Detroit, 
Michigan. 

' Kindly supplied by Hoffmann-La Roche, Inc., Nutley, New Jersey. 

? Prepared by mixing in the cold 0.154 mM sodium chloride 100 parts, 0.154 mM potas- 
sium chloride 4,0.11 mM calcium chloride 3, 0.154 « magnesium sulfate 1, 0.1 Mm sodium 
phosphate buffer (pH 7.4) 1, and 10 per cent glucose 10, and aerating with oxygen gas 
for 10 minutes. 
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With corneal scissors, muscle strips approximately 1 mm. in diameter and 
3 to 4 em. in length were prepared from the chilled semitendinosus by the 
procedure of Richardson, Shorr, and Loebel (2). Muscle slices were pre. 
pared from the rectus femoris in the same manner as that followed by 
Houchin. Microscopic examination showed that both muscles are equally 
susceptible to the degenerative processes. The strips and slices thus pre- 
pared were kept in chilled Krebs-Ringer-phosphate solution until use. The 
time elapsing between the biopsy and the beginning of the equilibration 
period never exceeded 45 minutes. 

Selected strips (four or five) and slices (one or two) weighing 200 to 250 
mg. were blotted with filter paper, quickly weighed on a torsion balance, 
and placed in ice-chilled Warburg vessels containing Krebs-Ringer-phos- 
phate solution. In certam experiments 1 mg. of disodium dl-a-tocophero! 
phosphate’ was added. With alkali in the center well, the flasks were eon- 
nected to the manometers and equilibrated to 37° for 15 minutes while 
being flushed with oxygen. Manometrie readings were then taken at 15 
minute intervals for an hour. After each experiment, the tissue samples 
were rinsed with distilled water and dried to constant weight at 110°, 
Oxygen uptake is expressed us Qo,; t.¢., microliters of oxygen consumed per 
hour per mg. of tissue (dry weight). 


RESULTS AND DIsCUssION 


The respiration of muscle strips from dystrophic rabbits was roughly 
double that of normal sirips, as indicated in Table I. The oxygen con- 
sumption was maintained at a relatively constant rate over the period of an 
hour. The large standard deviation of the dystrophic muscle strips was 
expected, since the severity of the dystrophy varied from animal to animal. 

The addition of a-tocopherol phosphate did not significantly depress the 
oxygen consumption of either normal or dystrophic strips. a-Tocopherol 
phosphate was readily precipitated by the ionic calcium in the suspending 
medium. Therefore in several experiments calcium salts were omitted 
from the solution. Even in these cases, a-tocopherol phosphate exerted no 
effect on the oxygen uptake of normal or dystrophic muscle. While this 
procedure is obviously open to criticism because of the vital role of calcium 
ions in Maintaining the functional integrity of the cell walls, the oxygen 
uptake was maintained at a constant rate over the time of measurement, 
indicating that cell destruction was not great. 

Similar experiments were conducted with muscle slices from normal and 
dystrophic rabbits. The oxygen consumption of muscle slices was un- 
formly lower than that of the corresponding muscle strips; this was espe- 
cially apparent in the case of dystrophic muscle. The explanation for this 
lowered respiration probably lies in the greater destruction attending the 
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preparation ol muscle slices, and im the difficulty in obtaining slices of uni- 
form dimensions. 

Again, as in the case of muscle strips, the in vitre addition of tocopherol 
phosphate to slices had no significant influence on the oxygen consumption 
of normal and dystrophic slices. The differences fall well within the stand- 
ard deviation in each case. 

These data, therefore, do not contirm the observation that tocopherol 
phosphate /n vitro restores to normal the oxygen consumption of dystrophic 


Average Orygen Consumption of Muscle Tissue from Normal and Dystrophic Rabbits 
and Effect of Tocopherol Phosphate 


Qo, 
Condition | Interval of reading, min. 
15 30 45 60 

Normal strips 11 - 1.61 1.50 1.51 1.48 
(0.63)* (0.63) (0.62) (0.57) 

+ 1.69 1.62 13 : 41.54 

(0.78) : (0.70) (0.69) (0.65) 

Dystrophic strips 12 _ 3.35 3.49 3.39 3.35 
(1.45) (1.06 (1.23) (1.23) 

3.21 3.36 

(1.39) (1.30) (1.17) (1.25) 

Normal slices - 1.33 1.32 1.20 
(0.53) (0.51) (0.47) | (0.45) 

0.97 0.97 0.95 

(0.56 (0.43) (0.38) (0.38) 

Dystrophie shiees 1.64 1.355 1.49 1.45 
(O68) (0.65) (0.71) (0.71) 

1.53 1.64 L.54 1.47 


(0.78) (0.81) (0.80) (0.74) 


*Standard deviation. 


musele preparations. Our figures for the oxygen consumption of dystrophic 
muscle slices are much lower than Houchin’s. Perhaps the slice technique 
in our hands produced greater cell damage. The failure to observe any 
depression of oxvgen uptake of musele strips may be the result of the ina- 
bilitv of tocopherol phosphate to penetrate into the mtact muscle cells. 

The nature of the rapid and specific action of tocopherol in vive im abol- 
ishing the creatinuria and excessive in vitro oxygen consumption of dys- 
trophic animals (3, 4) remains obscure. ‘Tocopherol phosphate does not 
appear to be direethy concerned with the suecinoxidase system (5). Until 
the altered metabolism of dvstrophie muscle is more clearly understood, 
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further speculation about the physiological réle of this vitamin is fruitless. 
With this in mind, the investigation reported in the following paper was 
undertaken. 


SLMMARY 


The oxygen consumption of skeletal muscle strips from vitamin E-defj- 
cient dystrophic rabbits was approximately double that of muscle strips 
from normal rabbits. The oxygen consumption of muscle slices was much 
lower than that of the corresponding muscle strips, especially in the case of 
dystrophic muscle. 

In contrast to previous reports from this laboratory, the addition of 
a-tocopherol phosphate in vitro had no significant effect on the respiration 
of muscle strips or slices, either from normal or dystrophic animals. 
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OXIDATIVE PHOSPHORYLATION PROCESSES IN 
NUTRITIONAL MUSCULAR DYSTROPHY* 


By J. P. HUMMELTt 


(From the Biochemical Laboratory, State University of Iowa, lowa City) 
‘Received for publication, October 4, 1047) 


Nutritional muscular dystrophy is characterized by a pronounced loss of 
contractile power which appears to precede the degeneration of the muscle 
fibers (1). This paralysis may be due either to an impairment of the con- 
tractile mechanism as evidenced by the disappearance of the cross striations 
or to an impairment in energy utilization. Since the energy for muscle 
contraction is thought to be mobilized by oxidative phosphorylation mecha- 
nisms, this study was undertaken to discover whether any such processes 
may be affected in dystrophy, specifically the phosphorylation of creatine 
associated with the oxidation of carbohydrate. 

If the oxidation of a-glycerophosphate and fructose-1,6-diphosphate 1s 
assumed to proceed entirely through the so called Meyerhof-Embden- 
Parnas pathway (2) to pyruvie acid, the transfer of hydrogen from the 
substrate at each oxidative step may proceed either aerobically through 
the coenzyme I[-flavin-cytochrome systems to molecular oxygen or an- 
aerobically by means of the coenzyme I-linked dismutation with pyruvic 
acid to form lactic acid. Two energy-rich phosphate bonds, transferable 
to creatine through the adenylic system, would be formed per mole of 
triose phosphate oxidized to pyruvic acid, but only one would be formed 
under fluoride inhibition. Phosphorylation was therefore studied by 
measurement of the phosphocreatine formed from creatine, and oxidation 
by the oxygen consumed and lactic acid formed. 


EXPERIMENTAL 


Muscular dystrophy was produced in hamsters by the same procedure 
as previously described (3). [t was also produced in guinea pigs placed on 
the same diet, with the oral administration of 10 mg. of ascorbic acid every 
other day. In this species, dystrophy became acute after about 5 weeks 
and was characterized by a very severe paralysis, loss in weight, and sudden 
death. Control animals, maintained on the same diet, were given ascorbic 
acid as above and 15 mg. of tocopherol acetate! every 4 days. No symp- 

* Aided by a grant from the John and Mary R. Markle Foundation. 

t Present address, Wenner-Grens Institute, University of Stockholm, Stockholm, 
Sweden. 

' Kindly supplied by Hoffmann-La Roche Ine 
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toms of the guinea pig ‘‘wrist-stiffness” described by van Wagtendonk and 
Wulzen (4) were observed. 

The method of preparing distilled water homogenates of thigh muscle 
has been described (3). Mach Warburg flask contained, besides the indi- 
cated substrate in the side arm, the following in micromoles: creatine 230, 
potassium chloride 400, magnesium chloride 20, nicotinamide 20, coenzyme | 
0.75, adenosine triphosphate 1.33, and sodium phosphate buffer (pH 7.4) 
10, and 100 mg. of fresh muscle (is 10 per cent muscle homogenate) in a 
total volume of 3.0 ml. The center well contained 0.1 ml. of 2 “ sodium 
hydroxide. In the acrobie experiments, each flask also contained 8 & 107° 
moles of cytochrome ¢ in an air atmosphere. In the anaerobic experiments, 
each flask contained 10 micromoles of lithium pyruvate* under a nitrogen 
atmosphere. In certain experiments, 5 micromoles of sodium fluoride were 
added to inhibit the utilization of 2-phosphoglyceric acid. 

Cytochrome ¢ was prepared according to the method of Ieilin and 
Hartree (5), as modified by Potter (6). Coenzyme I of about 40 per cent 
purity was prepared from starch-free bakers’ veast by the method of 
Williamson and Green (7). The barium salt of adenosine triphosphate 
(ATP) was prepared by the method of Needham (8), as modified by DuBois, 
Albaum, and Potter (9). The product was YL per cent pure, as measured 
by 7 minute hydrolysis. All additions were adjusted to pH 7.4 and em- 
ployed at concentrations optimum for maximum phosphorylation. 

All ineubations were conducted at 37°. Manometric readings were 
taken 20 minutes after the substrate was tipped in from the side arm. The 
flask contents were then quickly chilled to 0° and deproteinized with tri- 
chloroacetic acid, according to the proceedure outlined by Potter (10), The 
neutralized filtrate was analyzed for phosphocreatine by an adaptation (10) 
of the method of Fiske and Subbarow (11), and for triose phosphate by 30 
minute hydrolvsis in | N sodium hydroxide at 25°, followed by the usual 
colorimetric determination for inorganic phosphate. Lactie acid in the 
filtrate was determined by the procedure of Barker and Summerson (12), 

The data reported are net changes obtained by subtracting the values for 
control flasks which lacked only substrate. They are expressed as miecro- 
moles per hour, except those for oxvgen consumption, which, in order to be 
on the same basis as lactic acid data, are expressed as microatoms per hour. 
In computing phosphocreatine to oxygen ratios (P to oxygen), the corre- 
sponding anaerobic phosphocreatine to lactic acid ratio (P to lactic) is 
assumed to prevail under aerobic conditions. Therefore 
(Pror.) — (lacticner.) X ((Panser.) (acticnnser.)) 


Pioxvgen = 
(Oxygen) 


2 (generously furnished by Dr. R. M. Featherstone of the Department of Pharma- 


cology. 
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RESULTS AND DISCUSSION 


With normal guinea pig muscle and glycerophosphate as substrate, as 
shown in Table I, the addition of fluoride reduced the formation of lactic 
acid and phosphocreatine by about half, although the oxvgen consumption 
was only slightly diminished. 

The P to oxygen ratio is (8.2 — 8.0 & 0.45)/6.0 or 0.77 in the absence of 
fluoride, and by similar calculation it is 0.70 in the presence of fluoride. 
According to theory, the former value is too small, due probably to the 
“leak” of energy-rich bonds by ATPase action. Under anaerobic con- 
ditions, however, less than half a mole of phosphocreatine was formed per 
mole of lactic acid, without fluoride, and even less in its presence. The 


TABLE 


Phosphorylation of Creatine from Oxidation of Glycerophosphate by 
Guinea Pig Muscle Homogenate* 
Oxygen uptake is expressed as microatoms per hour. Lactic acid, phosphocreatine, 
and triose phosphate are expressed as micromoles per hour. The ratios in the last 


two columns are explained in the text. ° 
Condition | Gas Fluoride | creatine P: lactic | P:oxygen 
Normal (7 ani- | O; ~ 6.0 8.0 8.2 | 0.6 | 0. 
Te fs = 22.3 | 10.0 | 0.2 | 0.45 | 
| 12.3 | 4.8 0.1 | 0.39 
animals) ee 5.5 | 0.5 1.0 1.3 0.16 
2.4 0.6 0.18 


* Each flask contained the reaction mixtures described in the text, with 100 
micromoles of sodium giycercphcsphate (Kastman) as substrate. 


further oxidation of pyruvic acid may account in part for the lack of agree- 
ment between the aerobic and anaerobic phosphorylation ratios. In the 
presence of fluoride, however, this disparity demands a different explana- 
tion; in such cases, the phosphorylation efficiency may possibly depend upon 
the potential gradient through which the hydrogen transport system is 
operative (13). 

The differences between normal and dystrophic guinea pig muscle are 
striking. In dystrophic muscle, the aerobic formation of lactic acid and 
phosphocreatine was very small, although the oxygen consumption was 
equal to that of normal muscle. This is reflected in the sharp reduction of 
the P to oxygen ratios in the case of dystrophic muscle. Under anaerobic 


| 

| 

| 


424 OXIDATIVE PHOSPHORYLATION IN DYSTROPHY 


conditions, lactic acid was less than in the normal, but the efficiency of oxi- 
dative phosphate transfer was markedly diminished, as judged by the 
much smaller P to lactic ratio. Addition of fluoride lowered this still fur- 
ther. In all cases, the amounts of triose phosphate formed were small, but 
the slight accumulation with dystrophic muscle may be significant. 
Normal hamster muscle produced much less phosphocreatine than norma] 
guinea pig muscle, although the oxygen consumption was very much 
greater. As seen in Table II, oxygen consumption and lactic acid and 
phosphocreatine formation were all diminished in dystrophic hamster 
muscle. Addition of fluoride lowered the phosphocreatine synthesis to 
almost zero without noticeably affecting either the aerobic or anaerobic 


TABLE Il 


Phosphor: ylation of Creatine from Oxidation of Glycerophos phat 
by Hamster Muscle Homogenates* 


Condition Gas | Fluoride Oxygen | | P:lactic P:oxygen 
uptake | formed formed formed : 
Normal (6ani- =O, 14.4 4.3 2.2 1.6 0.08 
mals) 13.8 2.0 1.2 2.0 0.06 
- IS.4 1.5 0.4 | 0.24 
15.9 2.6 0.5 0.16 
Dystrophic (5 3.4 2.3 0.11 
N; | - 6.9 1.0 0.4 0.15 
+ 6.4 0.09 


* Fach flask contained the reaction mixture described in the text, with 100 micro- 
moles of sodium glycerophosphate as substrate. The data are expressed in the same 
terms as those used in Table I. 


oxidations. As with guinea pig muscle, triose phosphate values were small, 
but there appeared to be a slight accumulation with dystrophic muscle. 

The oxidation of fructose-1 ,6-diphosphate presents a somewhat different 
picture. With guinea pig muscle, as shown in Table ITT, fluoride inhibited 
the formation of lactic acid and phosphocreatine under aerobie and anaer- 
obic conditions with both normal and dystrophic muscle, but stimulated the 
oxygen uptake, probably by preventing the formation of pyruvate which 
would act as a hydrogen acceptor. A disparity between the aerobic and 
anaerobic phosphorylation, similar to that seen with glyecerophosphate oxi- 
dation, also exists with normal fructose-1 ,6-diphosphate oxidation. 

The differences between normal and dystrophic guinea pig muscle were 
not as great with fructose-1 ,6-diphosphate as with glycerophosphate as 
substrate. Under aerobic conditions, lactic acid and phosphocreatine were 
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somewhat diminished in dystrophy, but oxygen uptake was unaltered. A 
comparison of the P to oxygen ratios, however, shows that dystrophy sig- 


TABLE Ill 


Phosphorylation of Creatine from Oxidation of Fructose-1,6-diphosphate by Guinea 
Pig Muscle Homogenate* 


Condition | Gas | Fluoride | | P: lactic P:oxygen 
| aptace formei formed formed | 
Normal (6ani- | | * 32.5 | 14.9 14.0 | |} 2.18 
mals) 11.5 9.3 | 14.4 | 1.81 
eo a 42.6 | 13.2 | 12.7 | 0.31 | 
ee en 26.4 7.8 | 14.5 | 0.30 | 
Dystrophie (5 | = 24.4 m2) 0.48 
animals) | “ | + 3.6 7.6 | 5.8 | 20.3 | / 1.00 
Ns ij - 34.9 15.6 | 17.3 | 0.45 | 
‘4 | 26.2 7.7 | 2.1 | 0.20 | 


* Kach flask contained the reaction mixture described in the text, with 30 micro- 
moles of fructose-1,6-diphosphate (Schwartz) as substrate. The data are expressed 
in the same terms as those used in Table I. 


IV 


Phosphorylation of Creatine from Oxidation of Fructose-1,6-diphosphate 
by Hamster Muscle Homogenate* 


Oxygen | Lactic Phospho- Triose | 
Condition Gas Fluoride uptake P: lactic 
| formed | torme ormed | 
Normal (5 ant- (). 9.5 | 14.7 4.8 12.6 | 0.08 
mals) 122 | 8.0 5.3 | 16.2 | 0.04 
| 71.8 6.8 10.7 | 
Dystrophic (5 | Os 2.6 | 11.7 3.0 | 22.1 (0.35 
animals 14 21.6 | 0.09 
29.2 | 5&3 | 19.3 | 0.18 | 
2 3.70 21.0 O.15 | 


4 | 24. 

| 
* Fach flask contained the reaction mixture described in the text, with 30 micro- 
moles of fructose-1,6-diphosphate as substrate. The data are expressed in the same 


terms as those used in Table I. 


nificantly reduced the aerobic phosphorylation efficiency. Under anaero- 
bie conditions, the P to lactic ratios were in no way diminished in dystrophy. 

The oxidation of fructose-1 ,6-diphosphate by hamster muscle, as shown 
in Table IV, was similar to that by guinea pig muscle, except that oxygen 
consumption, lactic acid, and phosphocreatine were all diminished in 
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dystrophy, with the result that changes occur in the phosphorylation eff). 
ciencies Which are difficult to evaluate. Under anaerobic conditions, the 
formation of lactic acid by dystrophic muscle was very much smaller, 
although surprisingly the phosphocreatine formation was not greatly differ. 
ent from the normal. 

Since, with dystrophic guinea pig muscle, neither the oxygen uptake nor 
the anaerobic formation of lactic acid was greatly altered from the normal. 
it follows that the oxidations to the 1,3-diphosphoglyceric acid step are 
probably not impaired in dystrophy. In the case of glycerophosphate, 
however, the subsequent phosphorylation steps do appear to be impeded, 
the evidence being the lowered phosphocreatine formation, and, in the 
aerobie oxidation without fluoride, the lowered lactic acid formation. This 
lactic acid could come only from the pyruvie acid produced. — If the slightly 
increased triose phosphate values have significance, this is additional eyj- 
dence of such a barrier. 

Disturbances in phosphorylation may be general in the oxidative metab- 
olism of dystrophic muscle. Lu et al. (14) found that the ability of dys- 
trophic muscle to phosphorylate glycogen was reduced by half. Boyer 
(15) similarly found that dystrophic muscle lost the ability to derive phos- 
phate bond energy from the oxidation of certain members of the tricar- 
boxvlie acid cycle. His data indicated that there was no impairment in 
the transfer of energy-rich phosphate bonds from enol-phosphopyruvie acid 
to creatine in dystrophy. 

The differences between the phosphorylation efficiencies of tructose-1 ,6- 
diphosphate and glycerophosphate are not explained if both are oxidized 
hy the same pathway in the guinea pig. The reason for the differences in 
their oxidation is more apparent; | mole of fructose-1 ,6-diphosphate yields 
2 moles of pyruvic acid; | mole of glycerophosphate vields only 1 mole of 
pyruvic acid, ‘Therefore, if primed by a very small amount of pyruvie acid, 
the anaerobic oxidation of fructose-1 ,6-diphosphate may theoretically pro- 
ceed entirely to lactic acid, according to the well known mechanism for 
anaerobic glycolysis. Since, however, glycerophosphate requires two dehy- 
drogenation steps, at least half of the oxidation must proceed aerobically 
unless an excess of pyruvic acid is already present. Thus the greater tend- 
ency of fructose-1,6-diphosphate oxidation to proceed anaerobically may 


be explained. 

The large accumulation of triose phosphate with fructose-1L ,6-diphos- 
phate as substrate probably results from the high activity of muscle aldolase 
(16). The greatly increased triose phosphate values with dystrophy may 
be due either to a barrier in the system or to an increased aldolase activity. 
With glycerophosphate, triose phosphate formation is limited by the rate 
of the initial oxidation step and thus accumulates in small amounts. 
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Dystrophy in hamsters impeded both oxidation and phosphorylation in 
the utilization of either substrate; oxygen uptake, lactic acid, and phospho- 
creatine formation were all diminished. 

These alterations would seem to be an indirect or subsidiary effect of the 
avitaminosis because the zn vitro addition of a-tocopherol phosphate did not 
restore normal activity to dystrophic muscle homogenates. Furthermore, 
in severely dystrophic rabbit muscle, a similar impairment in oxidative 
phosphorylation could not be demonstrated. It would seem that the action 
of tocopherol 7n vive is mediated through as vet unrecognized agencies which 
are lost «nm vitro, and which may vary from species to species. These species 
differences make it difficult to generalize about the metabolie disturbances 
encountered in nutritional muscular dystrophy. 


TABLE \ 


Adenosinetriphosphatase Activity of Normal and Dystrophic Hamster and Guinea 
Pig Muscle* 


Animal Ca** Normal Dystrophic 


Hamster 13.2 8.5 
21.6 14.7 
(;uinea pig 12.8 7.6 
16.1 11.0 


* Expressed as y of P split from ATP per mg. of tissue (wet weight) in 15 minutes 
at 37°, pl] 7.4, corrected for phosphate content of the tissue and for non-enzymatic 


ATP hydrolysis. 


Finally, in a comparison of normal and dystrophic muscle, it must be 
emphasized that there is a smaller active mass of muscle as the result of 
necrosis and fibrotic infiltration which may, in part, explain the lowered 
enzymatic activity in advanced dystrophy. There was a fair parallelism 
between the lowered oxidative phosphorylation and the muscle degenera- 
tion observed histologically in sections of the same muscle .* 

As possible indices of cellular destruction, assays of ATPase activity 
aadenvipvrophosphatase (17)) according to the micromethod of DuBois 
and Potter (18) were carried out in triplicate on the same tissue homogen- 
ates us were used in the phosphorylation experiments. Although the 
method may provide only an approximation, an appreciable destruction of 
ATPase had taken place in dystrophie muscle, as shown in Table V. 

The activation of ATPase by the high caleium content of dystrophic 
muscle has been suggested by Morgulis and Jacobi (19) as a cause for the 
high respiration through the destruction of ATP and the accompanving 


Sections were made by the Department of Pathology. 
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increase in inorganic phosphate. In our hands, 0.003 M calcium chloride. 
sufficient to give complete activation, stimulated the ATPase of norma] 
and dystrophic muscle to the same extent. The extra calcium of dystrophic 
muscle is probably un-ionized and incapable of stimulating ATPase. Since 
ATPase is believed to be intimately associated with myosin (20), dystrophy 
appears to involve an alteration of the contractile structure of the musele 
as Well as an impairment in the utilization of energy for contraction. 


The author gratetully acknowledges the helpful criticisms of H. A. Mattil] 
and G. Kalnitsky. 


SUMMARY 


The phosphorylation of creatine by normal and dystrophic hamster and 
guinea pig muscle homogenates was studied in the aerobie and anaerobic 
oxidation of glvcerophosphate and fructose-1 ,6-diphosphate in the presence 
of the necessary known cofactors. 

With glycerophosphate as substrate, the aerobic and anaerobic oxidation 
rate by dystrophic guinea pig muscle was little different from the normal, 
but the coupled phosphorvlation of creatine was greatly diminished. With 
fructose-1,6-diphosphate, the effects of dystrophy were similar but less 
marked. Dystrophy appeared to affect the aerobic phosphorylation more 
than the anaerobic. 

In dystrophic hamster muscle homogenates, both oxidation and phos- 
phorvlation processes were impeded. 

These alterations appear to be indirect effects of the vitamin E deficiency, 
but may partially explain the associated paralysis. 

Dystrophy in hamsters and guinea pigs markedly lowers the muscle 
adenosinetriphosphatase activity and is interpreted to mean that the con- 
tractile structure in dystrophic muscle is also impaired. 
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MOLYBDENUM IN THE NUTRITION OF THE RAT* 
Ky J. Bo. NEILANDS, F. M. STRONG, ann C. A. ELVEHJEM 


‘From the Department of Biochemistry, College of Agriculture, University of Wiscon- 
sin, Madison) 


‘Received for publication, October 24, 1947) 


Some years ago a group of experimentalists (1-3) observed that the 
scouring of cattle on the so called “teart’’ pastures of England could be 
traced to the high molybdenum content of the soil and herbage. Feeding 
molybdenum salts reproduced the symptoms. Subsequently it was found 
that feeding copper sulfate as a drench prevented or cured the condition. 
Apparently a similar high molybdenum area is present in California (4). 
In Australia, further evidence of the réle of copper in molybdenosis was 
discovered (5). Molybdenum fed to sheep and cattle caused loss of liver 
copper even when the copper intake in the diet was increased. 

Recently several other interesting interactions between nutritional! 
elements have appeared. Thus it was found (6) that copper will counter- 
act the anemia caused by feeding zinc to rats. It is also claimed (7) that 
arsenic and manganese fed in addition to iron and copper salts will allow 
greater hemoglobin production in rats on a milk diet than when only iron 
and copper are added as the mineral supplement. It is clear from these 
studies that the toxicity, deficiency, metabolism, ete., of one element, at 
least in herbivorous animals, may be profoundly influenced by the levels of 
certain of the other elements of the diet. 

Molybdenum has been found capable of combining with catechol in a 
1:2 molar ratio (8). It was shown that such a combination reduced the 
toxicity of catechol for bacteria, thus allowing proliferation of the micro- 
organisms in an otherwise toxic concentration of catechol. It was sug- 
gested that these reactions could account for the diarrhea seen in cattle 
suffering from molybdenosis. 

This paper shows that molybdenum in the form of sodium molybdate 
retards the growth of rats on a purified ration. ‘The molybdenum toxicity ~ 
ean be overcome by feeding larger amounts of copper as copper sulfate or 
by the incorporation into the diet of 5 per cent whole liver substance but 
not by feeding higher levels of iron, zine, or cobalt. In another experiment 
the fate of a given dose of molybdenum (labeled with radioactive Mo*) 
When fed either alone or with copper or catechol was investigated. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the National Canners Asso- 
mation, Can Manufacturers’ Institute. The authors are indebted to R. H. Burris 
for assistance in the radioactivity determinations. 
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EXPERIMENTAL 


Ina preliminary experiment a number of 21 day-old, male, white Sprague- 
Dawley rats were placed on the following purified ration: alcohol-extracted 
‘asein 18 per cent, corn oil 5 per cent, sucrose 73 per cent, Salts IV 4 per 
cent. To 1 kilo were added 10 ml. of a vitamin solution containing per 
liter 0.6 gm. of thiamine hydrochloride, 0.6 gm. of riboflavin, 4.0 gm. of 
calcium pantothenate, 0.4 gm. of pyridoxine hydrochloride, 200° gm. of 
choline chloride, 4.0 gm. of nicotinic acid, 20 gm. of inositol, 50 gm. of p- 


130+ 


Fic. 1. Growth retardation in rats fed a purified diet containing molybdenum 
(NasMoQO,:2H.O). A, diet without Mo (control); 0, diet contained 50 mg. per cent 
of Mo; O, diet contained 100 mg. per cent of Mo; <, diet contained 500 mg. per cent 
of Mo. 


aminobenzoie acid, 50 mg. of folic acid, and 20 mg. of biotin. ‘The fat- 
soluble vitamins were given twice each week with a dropper. ‘To this diet 
Mo in the form of NasMoQ,-2H.0 was added to give final concentrations 
in the diet of 0.00 (control), 50, 100, and 500 mg. per cent of Mo. 

Fig. 1 shows the growth curves for these rats over a 4 week period. 
All four rats receiving 500 mg. per cent of Mo died shortly after the Ist 
week. There was no indication of diarrhea and an autopsy did not reveal 
any gross abnormalities in individuals from any group other than extreme 
emaciation. Further, a blood examination by the routine methods gave 
an apparently normal picture for red blood cells, white blood cells, hemato- 
crit, and hemoglobin. 
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From consideration of the growth curves reproduced in Fig. 1, it was 
decided that for an experiment designed to test the counteraction of molyb- 
denum toxicity a series of rats fed a level of 40 mg. per cent of Mo should 
prove satisfactory. 

In view of the remarkable, and somewhat puzzling, interaction among 
various nutritional elements which was described briefly above, it was 
decided to test the effect of copper and iron alone and then, in a single 
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Fic. 2. Growth effect in rats of various minerals and whole liver substance added 
to a purified diet containing 40 mg. per cent of molybdenum (Na,MoQ,-2H,0). ®, 
40 mg. per cent of Mo + 5 per cent whole liver substance + basal; 0, purified basal 
(control); @,40 mg. per cent of Mo +- 2 mg. per cent of Cu + basal; A,40 mg. per cent 
of Mo + 2 mg. per cent of Cu + 20 mg. per cent of Fe + 20 mg. per cent of Zn + 2 
mg. per cent of Co + basal; O,40 mg. per cent of Mo + 20 mg. per cent of Fe + basal; 
@, 40 mg. per cent of Mo + basal. 


experiment, to include copper, iron, zinc, and cobalt in rations containing 
40 and 80 mg. per cent of Mo. The eopper was added as CuSO,-5H20, 
the iron as Fe.(SQ,)., the zinc as ZnCl, and the cobalt as CoCl.-6H.O. 
The effect of whole liver substance was also investigated. The basal 
ration was identical to that used above and was again fed ad libitum to 
four rats in each group. In this ration the various substances were inti- 
mately mixed in the concentrations indicated in Fig. 2, which shows the 
growth response of the animals receiving 40 mg. per cent of Mo. 
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It is apparent that 5 per cent whole liver substance contained some 
factor which was absent from the purified ration. Most recent work on 
the nutrition of the rat supports this view (see the paper by Jalfé and 
Elvehjem (9)). The addition of iron alone did not prevent the toxicity 
of molybdenum. However, the addition of 2 mg. per cent of Cu either 
alone or together with iron, zinc, and cobalt gave an average gain of 28 gm, 
at the end of 6 weeks. The weights of the individual rats receiving 40 mg. 
per cent of Mo plus 2 mg. per cent of Cu plus the basal diet were 185, 189, 
194, and 203 gm., while those receiving 40 mg. per cent of Mo plus the basal 
were 150, 166, 170, and 182 gm, at the end of this period. 

The group receiving 5 per cent whole liver substance plus 80 mg. per 
cent of Mo again showed no growth retardation. The remaining rats 
fed this level of molybdenum grew very poorly, including those fed 2 mg. 
per cent of Cu. 

It was next decided to attempt to trace, as quantit:ttively as possible, 
the fate of a given dose of molybdenum and to study the influence of a 
simultaneous dose of copper or catechol. Although various methods are 
available for the determination of molybdenum in biological materisls (10), 
the use of a radioactive tracer has an obvious advantage in that the pre- 
existing molybdenum in the various tissues does not interfere. Further, 
the deteetion of a radio element leaves little to be desired trom the point 
of view of sensitivity of measurement. A sample of Baker's molybdic 
oxide (MoO) which had been irradiated with neutrons was obtained from 
the Monsanto Chemical Company. The sample assaved 99.0 per cent 
MoO, and contained the following impurities: SO; 0.003 per cent, PO, 
0.0005 per cent, insoluble in NH,OW 0.007 per cent. In the irradiation 
process apparently only the stable Mo isotope undergoes a nuclear re- 
action (n, y) to give the radioactive Mo™®” tsotope. This element decays 
with «a 1.3 m.e.v. 3 and 0.77, 0.82, 0.84 m.e.v. y emission to technetium 
(gTe"). The half life is 67 hours. 

The sample of radioactive molybdic acid (10.0000 gm.) was dissolved 
in a stoichiometric amount of concentrated sodium hydroxide and _ the 
neutral solution diluted to 50 ml. From this master solution various sub- 
dilutions were prepared for feeding experiments and tor constructing the 
counting standards. 

The element was introduced into the back of the throat in 0.5 mi. of 
solution from a hypodermic svringe fitted with a blunt needle. In the 
first experiment twelve rats were each given 13.34 mg. of the radiomolyb- 
denum. Six of these were then immediately given 0.5 ml. of a solution of 
eopper sulfate containing 5.00 mg. of copper. After intervals of approxt- 
mately 23 hours, | dav, and 2 davs, respectively, two rats from each group 
were sacrificed, and the tissues weighed in tared porcelain crucibles and 
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ashed in a muffle fiurnace alter carmelizing at LOO). ‘The ash was weighed, 
dissolved or suspended as evenly as possible in concentrated hydrochloric 
geid, and an sdiquoet transterred to a 50mm. lead dish. ‘The samples were 
dried at O07 and their radionetivity measured with an Instrument Develop- 
ment Laboratories counter. The activity was corrected for decay and ash 
absorption. Phe latter correction was obtained from a curve representing 
per cent recovery per mg. of ash. The urine and feces, as well as the 
various tissues, were counted for those rats on the test 2davs. The results 
are given in Table I. 

In a second experiment twice as much molybdenum was fed (26.68 mg.) 
to three rats. ‘To two of these was then immediately given 0.5 ml. of a 
solution of catechol contaiming 6.09 mg. of the alcohol. Aecording to the 
theory discussed above (S) this should suffice to combine with approxi- 
mately 10 per cent of the ingested molybdenum.  Tligher levels of cate- 
chol are toxic. The three rats were sacrificed after 1 day and the tissues, 
feces, and urine counted in the usual wav. The results are shown in Table 
IT. 

lt is evident that «a considerable portion of the ingested Mo is rapidly 
absorbed and rapidly excreted. The high levels in the feces show that much 
of the element may never leave the alimentary canal. Although the 
animals were fasted for 24 hours prior to administration of the molybdenum, 
the varying amounts of food in the stomach and intestine mav account for 
the variable degrees of absorption. Aside trom the stomach «nd intestine, 
the tissues followed a fairly regular scheme of rather rapid elimination of 
the element. The figures in Table I do not show any obvious effect of 
copper fed inthis wav. In Table IT there is some indication that the feed- 
ing of catechol may delay the elimination of the element. ~\fter 2 days 
‘Table 1) the highest concentration of molybdenum was in the bones and 
kidnevs. ‘This is in agreement with certain experiments on inert molyvb- 
denum (11), 

Since, as the above experiment illustrates, a considerable fraction of the 
molybdenum is not absorbed, there is a very real possibility that it has 
lormed a less soluble complex with certain substances in the alimentary 
eanal. On the other hand molybdenum could probably combine with 
other substances in such a way that its toxicity would be lowered without 
appreciably influencing its rate of absorption and elimination. Copper 
and molybdenum may form the rather poorly characterized insoluble 
copper molybdate. In a study of the precipitation of molybdate (12) it 
was found that in the potentiometric titration of copper sulfate with 
sodium molybdate a precipitate began to form at pH 5.28. The composi- 
tion of the copper molybdate precipitate was found to be 1.0 CuO:0.7 
MoOs; ¢.¢., Cu 35.25 per cent, Mo 37.24 per cent. 
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TABLE I* 


MOLYBDENUM TOXICITY 


Distribution of Radioactive Molybdenum in Tissues of 


Rats Fed Molybdenum Alone and with Copper 


1 2 | 3 
Average weight, gm..... 132.6 150.3 142.9 
Time on test, Ars... .. 2.1 | 26.1 51.0 
Mo dose, mg.....-....-. 13.34 | 13.34 13.34 
Cu 
Total per tissue 
Y Y 
Stomach.... 1536.89 46.40 6.78 
| | (0.12) 
Kidneys..... | 28.46 11.85 © 7.12 
| (0.13) 
60.17 8.78 | 7.01 
| | (0.13) 
Intestine. . | 214.97 | 365.17 | 72.73 
| (1.31) 
Bone.... ton 4.07 1.63 | 0.98 
(0.02) 
Heart... 4.16 0.83 0.61 
(0.01) 
Lungs. 12.40 1.27 1.12 
(0.02) 
Carcass $11.00 | 377.50 | SO. 57 
| (1.45) 
697 .50 
(12.53) 
Urine. 4692.00 
(84.30) 
Recovery, %. .. 20.03 | 6.11 41.73 
Per gm. tissue 
Blood. .... 28.83 2.34 1.S] 
Stomach...... | 176.36 5.80 2.94 
7.68 7.14 
9.07 1.2 0.84 
Intestine. 13.88 25.42 6.19 
Bone.. 10.89 4.79 3.03 
9.00 1.50 1.02 
Lungs..... 15.81 | 1.87 | 1.16 
Carcass..... : 8.53 3.25 0.63 


per cent of total Mo recovered. 


13.16 


9.26 
14.34 
o.44 
9.02 
10.27 
10.00 
12.40 
8.03 


270.: 


= 


4701.00 


e wee 
| 


Approximately 50 gm. of pure white anhydrous copper sulfate was 
dried at room temperature for 3 days over calcium chloride. 


Exactly 


| 
| 
4 5 6 
155.8 96.2 71.4 | 
2.5 26.4 $1.4 | 
13.34 13.34 13.34 | 
5.00 5.00 5.00 | 
Y Y 
45.86 133.25 18.23 | 
(0.29) 
| 22.60 9.77 4.45 
| (0.07) | 
| 45.43 8.65 6.75 
| (0.11) | 
| 161.05 O84.75 91.35 
| (1.46) 
1.14 2.25 1.31 
(0.02) 
2.00 SS 0.58 
(0.01) | 
13.29 2.21 1.23 
(02) 
450.60 | 
(1.35) 
1364.70 
(21.75) 
(74.92) | 
9.34 7.59 47.03 | 
3.04 
19.26 
9.74 
20.52 | 
6.38 | ( 
1.04 | 
3.39 | 1 
3.57 
597.44 d 
| | t 
* Each column is the average from two rats. The figures in parentheses are the EF 
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44.21 gm. of this salt were weighed and diluted to 100 ml. with distilled 
water. 10 ml. of this solution contained 1.7613 gm. of copper. Exactly 
10 gm. of molybdiec oxide containing Mo” were dissolved in sodium hy- 
droxide and the stoichiometric amount of sodium hydroxide added. The 
neutral solution, after dilution to 50 ml., contained 1.334 gm. of molyb- 
denum per 10 ml. 

10 ml. of the copper solution were added dropwise with occasional stirring 
to 10 ml. of the Mo solution. The reaction, which took about 1 hour, was 


Taste II* 
Distribution of Radioactive Molybdenum in Tissues of 
Rats Fed Molybdenum Alone and with Catechol 


— 


Group 1 Group 2 | Group 1 Group 2 


Average weight, gm. | 155.26 | 181.04 155.26 181.04 
Time on test, Ars. 25.8 25.3 25.8 25.3 
Mo dose, mg. 26.68 26.68 | 26.68 | 26.68 
Catechol dose, mg. | 6.09 6.09 

| Total per tissue | Per gm. tissue 

| Y Y Y | Y 
Blood | | 16.44 | 27.08 
Stomach 301.40 (2.79) 2671.50 (19.81) | 118.52 | 780.00 
Kidneys 24.44 (0.22) | 49.08 (0.36) | 15.58 | 31.64 
Liver... $9.68 (0.82) 75.01 (0.56) 10.76 11.82 
Intestine. ... 1109.00 (10.26) 1703.00 (12.62) 111.55 175.60 
Bone. . | 7.54 (0.06) 9.25 (0.07) 82.80 | 36.04 
Heart. . . (0.04) 8.40 (0.06) 8.20 | 13.26 
Lungs. . 12.53 (1.15) 25.30 (0.19) 
Carcass. 898.50 (8.11) | 2219.50 (16.46) 6.90 | 13.40 
Feces... 731.00 (6.56) | 998.00 (7.40) 501.00 | 1219.25 
Urine... 7930.00 (71.37) | 5630.00 (41.74) | 
Recovery, %. . 41.60 | 50.20 


*In this experiment one rat was fed molybdenum alone and two rats were fed 
molybdenum plus catechol. The figures in parentheses are the per cent of total Mo 
recovered 


conducted at a temperature of 37° + 1° in a water bath. The pea-green 
precipitate was filtered off, resuspended in hot water, and again filtered. 
The preparation was dried at 100° overnight, and the cake pulverized and 
dried for another 4 hours at the same temperature. The final yield of 
the dried green powder was 2.3589 gm. A copper analysis by the standard 
thiosulfate method gave a Cu content of 30.09 per cent (29.87, 30.31; aver- 
age 30.09). ‘The Mo analysis was carried out after dissolving a small, 
carefully weighed quantity of the unknown in concentrated nitric acid, by 
measurements of its radioactivity. This gave a molybdenum analysis of 
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28.51 per cent (28.00, 29.03; average 28.51). A previously prepared bateh 
ol copper molybdate in which inert Mo had been used was analyzed by the 
a-benzoin oxime precipitation technique (13) and gave an Mo content of 
30.14 per cent (29.97, 30.30; average 30.14). 


DISCUSSION 


The normal Cu eontent of the purified ration containing 4 per cent of 
Salts IV as used in these experiments is 7.73 mg. per cent of Cu. The 
addition of 2.00 mg. per cent of Cu would provide a level of 9.73 mg. per 
cent of Cu, and this is apparently capable of counteracting to a large 
extent the toxicity of 40 mg. per cent of Mo. It would thus appear that 
the therapeutic effect of Cu occurs at a level too low to account for the 
formation of a less toxic, insoluble copper molybdate of approximately 
equal per cent copper and molybdenum. 

Qn the other hand it is extremely unlikely that in the body of the rat Mo 
will combine only with Cu. Indeed the data in Table II suggest a slower 
elimination of Mo when fed with eatechol. If molybdenum complexes 
were formed with the substances present in the alimentary canal, as sug- 
gested by the Ienglish workers, one might expect rather irregular degrees 
of absorption from the digestive tract. Such irregularities can be seenin 
the Mo analyses reported in Table | for the stomach and intestine but not 
for the other tissues of a more definite chemical composition. 

The recovery of radioactive molybdenum was quite low. —I-ven in those 
cases in which urine and feces were collected the total recovery did not 
exceed 50 per cent. Seepage into porcelain crucibles, adherence to metal 
cages, etc., are probable avenues for losses. 

Whole liver substance is of such complex constitution that its powerful 
role in the counteraction of molybdenum toxicity is difficult to elucidate. 
The copper content of dried whole liver substance is not sufficient to ae- 
count for its therapeutic effect. On the other hand the combined effect 
of its copper content, growth stimulation on this purified ration, and its 
improvement of the general nutrition of the animal might account for its 
antagonism to molybdenum toxicity. 


SUMMARY 


The toxicity of molybdenum when fed as sodium molybdate in a purified 
ration has been studied with rats. A level of 500 mg. per cent resulted 
in death after the Ist week, whereas levels of 100 and 50 mg. per cent 
permitted greatly reduced growth rate. In these rats there was no obvious 
gross pathology or change in blood picture. 

The toxicity of a diet containing 40 mg. per cent of Mo could be largely 
overcome by feeding an additional 2 mg. per cent of Cu to a diet already 
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containing 7.73 mg. per cent of Cu. Other minerals such as iron, zine, 
or cobalt appeared to be without effect on Mo toxicity, but whole liver sub- 
stance afforded a marked degree of protection. 

By means of radiomolybdenum (Mo) as a tracer the fate of a given 
dose of molybdenum was determined. Analysis of various tissues at 23 
hours, 1 day, and 2 days revealed most of the element to be in the stomach, 
intestine, feces, and urine. At the end of 2 days the kidneys and bone 
contained slightly higher levels per gm. than the other tissues examined. 
The simultaneous administration of a dose of Cu did not influence the 
distribution of molybdenum. lHlowever, all tissues from two rats fed a 
simultaneous dose of catechol contained considerably more Mo after 1 day 
than the control group which received only molybdenum. 

A copper molybdate was prepared which assayed 30.09 per cent Cu and 
28.51 per cent Mo. It is suggested that the toxicity of molybdenum may 
be neutralized to at least some extent through combination with certain 
substances, including copper, of the diet. 
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A DIRECT TURBIDIMETRIC METHOD FOR DETERMINING 
KTHEREAL SULFATES IN URINE* 


By IVAR SPERBER 


(From the Institute of Animal Physiology, Royal Agricultural College of Sweden, 
Sweden) 


(Received for publication, October 28, 1947) 


During the course of an investigation into the excretion of “detoxication 
products” in the chicken (1) the need arose for a reasonably simple and 
reliable method for the estimation of ‘ethereal sulfate” in quantities of 0.1 
to 1 mg. of SOs in volumes of some ml. of chicken urine. As none of the 
methods tried seemed satisfactory in the form described, a modification was 
developed. 

It appears that in all methods hitherto described ethereal sulfate is de- 
termined as the difference between the free and total sulfate. If the pro- 
cedure used for the sulfate determination is not very accurate (which is 
undoubtedly the case with all existing methods when the amount deter- 
mined is less than | mg.), the error inherent in the value for ethereal sulfate 
may well be considerable. ‘This is also evident from an inspection of the 
values given in the literature, for instance by Morgulis and Hemphill (2) 
and Treon and Crutchfield (3). A direct method seems to be preferable. 

It has been found that free sulfate (together with interfering substances) 
may be precipitated with barium chloride, and the resulting excess barium 
by the use of sodium carbonate, without apparent loss of ethereal sulfate. 

For the determination of sulfate after hydrolysis the turbidimetric 
method is undoubtedly the most rapid (3), and its accuracy seems quite 
satisfactory and at any rate not inferior to the benzidine or chromate 
method. Treon and Crutchfield (3) pointed out that the barium chloride 
should be added as a solid, not in solution. The stability and reproducibil- 
ity of the cloud are then very satisfactory. These authors followed the 
customary practice of using a relatively large quantity of hydrochloric acid 
for the hydrolysis and subsequently nearly neutralized the acidity of the 
solution. It is, however, possible to hydrolyze the ethereal sulfates at a 
relatively low acidity and develop the cloud without neutralization. 

Reagents— 

Acid barium chloride solution, Dissolve 1 gm. of barium chloride + 
2H,0 in water, add 2 ml. of concentrated hydrochloric acid (sp. gr. 1.19), 
and dilute to LOO ml. 


* Aided by « grant from the Swedish Research Couneil for Natural Science. 
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Sodium carbonate solution. 5 per cent (weight by volume). 
Dilute hydrochloric acid. 10 ml. of concentrated hydrochloric acid 


diluted to 100 ml. 
Barium chloride, crystalline, of uniform size, preferably 30 to 50 mesh. 


Method 


5 ml. of chicken urine (undiluted when fluid, or suitably diluted) are 
mixed with 1 ml. of acid barium chloride solution in a centrifuge tube and 
centrifuged at 3000 R.p.M. for about 10 minutes. The centrifugate jis 
drained into a clean centrifuge tube and mixed with 1 ml. of sodium ear- 
bonate solution, allowed to stand some minutes, and centrifuged 10 minutes 
or more. 3 ml. of this centrifugate are pipetted into a test-tube, and after 
addition of 1 ml. of dilute hydrochloric acid the test-tube is covered with a 
glass ball and heated in a boiling water bath for 30 minutes. After cooling, 
0.1 + 0.005 gm. of barium chloride is added. The test-tube is gently shaken 
until the substance has dissolved and the solution is transferred to a cuvette. 
The extinction has been measured with the aid of a Weca photoelectric 
colorimeter (according to Havemann), the 2 em. micro cuvette being used. 


DISCUSSION 


The removal of interfering substances is insured by the precipitation of 
free sulfate at a considerable acidity. Otherwise urie acid may interfere 
and cause considerable turbidity in the final stage (this seems to be due to 
the low solubility of the acid barium urate). This fact makes the difference 
method especially unsuited for chicken urine. 

It is best to take chicken urine representing no more than 15 minutes 
excretion. Otherwise some slight turbidity may remain after the addition 
of sodium carbonate and following centrifugation. 

The rate of hydrolysis has been tested for resorcinol sulfuric ester and 
phenol sulfuric ester (potassium salts were used). The results for the latter 
substances are as follows: 


Hydrolysis time, min........|2 |7 10 30 60 90 
Phenol sulfuric ester hydro- | | | | | | | | 
lyzed, mg........ 0.081, 0.195) 0.271] 0.300, 0.299, 0.302) 0.300) 0.296 


Similarly resorcinol sulfuric ester is completely hydrolyzed after 15 
minutes. It is obvious that the concentration of HCl (about 0.25 Nn) is 
quite sufficient for hydrolysis of this type of ethereal sulfate in less than 30 
minutes. It is also clear that care must be taken to avoid prolonged stand- 
ing or heating of acid solutions containing ethereal sulfates, if hydrolysis is 
to be avoided. ‘This is probably the reason why treatment with perhydrol 
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in boiling acid solution for the removal of reducing substances, as recom- 
mended by Morgulis and Hemphill (2), may result in heavy losses of 
ethereal sulfate. 

The density and stability of the cloud at different acidities are illustrated 
by the figures in Table I. The density is not significantly influenced by 
considerable change in acidity. The stability seems to be slightly better 
at lower acidity. The difference does not seem to warrant the introduc- 
tion of the additional operation of neutralization. The cloud appears very 
rapidly, except at the lowest concentrations. When the cloud is just visible, 
it is necessary to let the solution stand a few minutes before measuring the 
extinction; otherwise a considerable error may be introduced. 

The relation between the extinction and the concentration is a straight 
line which meets the y axis slightly above the origin. 


TABLE | 
Density and Stability at Different Acidities 
The samples contained 1 ml. of dilute HC}, 2 ml. of sulfate solution, and 1 ml. of 
sodium acetate solution. 


Colorimeter | Acetate concentration 
at | 0 0.25 | 0.50% | 0.75. | 1.0N 
5 160 | 155 | 155 
20 | 144 150 | 148 | 149 | 148 
60 


The standard devigtion of a single determination is about 0.007 mg. of 
SO; (calculated from eighteen pairs of duplicate determinations), and the 
scatter seems to be fairly independent of the concentration. Thus the 
relative accuracy increases with the concentration. 

The recovery of phenol or resorcinol sulfuric esters added to chicken 
urine is essentially complete (average recovery 97 per cent). 

No light filters have been used in the present study for practical reasons 
connected with the particular apparatus used. The extinction is, however, 
higher when blue light is used. 

The method seems to be applicable to other urines as well as to chicken 
urine. It is then, of course, necessary to measure the extinction of the 
urine before the final addition of barium chloride, and subtract the value 
from the final extinction. Satisfactory results have been obtained with 
rabbit urine. 

SUMMARY 


A turbidimetric method for the estimation of ethereal sulfate in urine is 
described. Free sulfate and interfering substances are removed by barium 
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chloride and the excess barium by sodium carbonate. Hydrolysis is then 
effected in 30 minutes in approximately 0.25 N hydrochloric acid at 100°, 
The resulting sulfate is then determined turbidimetrically after precipi- 
tation as barium sulfate in the unneutralized solution. It is possible to 
determine 0.1 to 1.0 mg. of SO; in 5ml. samples. The standard deviation of 
a single determination is about 0.007 mg. of SOs. 
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ISOLATION AND CHARACTERIZATION OF CHLOROMYCETIN 


By QUENTIN R. BARTZ 


(From the Research Laboratories, Parke, Davis and Company, Detroit) 
(Received for publication, November 3, 1947) 


Anew crystalline antibiotic, obtained from filtrates of submerged aerated 
cultures of a Slreplomyces sp., for which the name Chloromycetin was pro- 
posed, has been described in a preliminary note. It contained both nitro- 
gen and non-ionic chlorine and appeared to be a neutral compound. In 
addition to a marked bacteriostatic activity in broth-dilution assays 
against several Gram-negative bacteria, it showed marked chemothera- 
peutic activity against Rickeltsia prowazeki in screening tests with chick 
embrvos (1) and against a number of rickettsiae and one virus when tested 
in embrvonated eggs or in mice (2). Furthermore, it had a low order of 
toxicity In experimental animals and appeared to be well absorbed when 
administered orally to mice and dogs (1). It is the purpose of this paper to 
record pertinent observations made prior to the isolation, to give specific 
examples of two different methods of isolation, and to deseribe certain 
properties of the crystalline compound. 


EXPERIMENTAL 


Assay— ‘the antibiotie activity was followed by means of a turbidimetric 
method, described by Joslyn and Galbraith (3), with Shigella paradysen- 
triae (Sonne) as the test organism. As soon as ervstalline Chloromycetin 
became available, potencies were estimated in terms of weight of ‘pure anti- 
biotic from a standard curve. 

Stalnlity— The antibiotie was found to be quite stable in the crude culture 
(pH 6.81), in the filtrate after removal of the mycelium (pH 2), and in the 
latter adjusted to pH 7. Within the limits of error of the assay no loss of 
activity Was apparent when these solutions were stored at 5° for a month. 
Thus Chioromycetin was found to be much more stable than penicillin and 
further experiments demonstrated it to be more stable than streptomycin 
nthe acid range. A sample of a crude res in normal hydrochloric acid 
retained all of its activity for 24 hours at 25° (see Table 1), whereas under 
smilar conditions streptomycin was about a per cent destroyed. On the 
other hand, both are unstable in dilute alkali, Chloromycetin being more 
than 87 per cent inactivated at pH 10.82 im 24 hours at 25° (see Table I). 

Extraction from Ayucous Solution with Organ Solvents——A rather exten- 
sive study of this problem was made with a total of fourteen solvents. The 
distribution between solvents was made at an acid, an approximately 
neutral, and an alkaiine pH (see Table Il). As a result of these studies it 
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was concluded that a number of solvents, cyclohexanone, butanol-1, ethyl 
acetate, methyl isobutyl ketone, nitrobenzene, nitromethane, and diethy| 
ether, possessed highly favorable distribution coefficients throughout the 
pH range tested, that the distribution coefficient was approximately 1 in the 
case of ethylene dichloride, and that the ratio was in favor of the aqueous 


TABLE I 
Stability of Chloromycetin in Submerged Culture Filtrates for 24 Hours at Varied 
pH (25°) 
pH of solution Activity retained 
0.40 100 
2.15 100 
7.00 | 100 
9.56 100 


10.82 <13 


Il 


Distribution of Chloromycetin between Equal Volumes of Organic Solvents and Water 
at 25° and Different pH Values 


Per cent of total activity in solvent phase 


pH 2.15 pH 6.50 pH 9.00 

Cyclohexanone.......... >92 >2 >92 
Ethyl acetate..... >92 >92 >92 
Methy! isobuty! ketone. >92 >92 >92 
Ethylene dichioride..... 50 50 
37 25 25 
Carbon tetrachloride. 25 12 50 
Trichloroethylene 0 2 25 
Benzene... | 25 12 0 
Dichloroethy! ether 0 25 
12 


Petroleum ether... 


phase in the case of chloroform, carbon tetrachloride, trichloroethylene, 
benzene, dichloroethyl ether, and petroleum ether. ‘The data also indicated 
that the antibiotic was essentially a neutral compound. 

Adsorption and Elution—Concurrent with the distribution experiments 
a study of the behavior of Chloromycetin toward certain common adsorbing 
agents was made. It was found that Chloromycetin was not appreciably 
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adsorbed from either acidified or neutral aqueous solutions by 2.5 per cent 
Super Filtrol; on the other hand it was readily adsorbed by 1 per cent 
Nuchar C-190-N at either an acid or neutral pH. Preliminary experiments 
indicated that at least 40 per cent of the antibiotic could be eluted with 
diethyl ether or 80 per cent acetone. Other experiments demonstrated 
that some purification could be effected by filtering an ether solution 
through a column of aluminum oxide which had previously been adjusted 
to pH 4.7 and dried at 100°. Under suitable conditions the antibiotie was 
recovered in the filtrate and some highly pigmented material remained 
on the column. 

Isolation—With the foregoing facts procedures were devised for the 
concentration, purification, and isolation of the antibiotic, two of which 
are illustrated by describing typical experiments. 

Procedure A—To 12 liters of the crude culture (pH 7.39), containing 
50 y per ml. of antibiotic (total 600 mg.), were added 190 ml. of 3 N hydro- 
chlorie acid to adjust the pH to 2. 304 gm. of Super Filtrol were added and 
the suspension stirred for 30 to 60 minutes. After adding 304 gm. of Hyflo 
Super-Cel, the solution was filtered by suction through a 50 gm. pad of 
Hyflo Super-Cel. The filter cake was washed with about 1200 ml. of dis- 
tilled water and discarded. The combined filtrates and washings, which 
contained 526.5 mg. of Chloromycetin, were extracted by stirring for 10 
minutes with 0.25 volume of ethyl acetate. After removing the ethyl 
acetate layer, the extraction was repeated once. The extracted aqueous 
layer, Which contained virtually no antibiotic activity, was discarded and 
the combined ethyl acetate extracts were dried over 50 gm. of anhydrous 
sodium sulfate at 5°. 

After the sodium sulfate was removed by filtration, the ethyl acetate 
was removed in vacuo at a bath temperature of 30°. The activity was 
extracted from the brown residue with small quantities of diethyl ether, 
the total volume of extract being 300 ml. The ether extract contained 
504 mg. of the antibiotic or 84.0 per cent of the amount in the crude culture. 

The ether extract was divided into three parts and each part poured 
through a 15 gm. column (? X 6.5 inches) of aluminum oxide (Brockmann) 
which had previously been adjusted to pH 4.7 with hydrochloric acid. 
120 ml. of diethyl ether, in 20 ml. portions, were percolated through each 
column. ‘The receivers were then changed and similar quantities of ether 
were used in order to collect a total of five fractions from each column. 
Considerable quantities of brown material remained on the columns, while 
the antibiotic was found in the filtrate fractions. The first fractions from 
the three columns were pooled and found by assay to contain 418 mg. of 
antibiotic; the pooled second fractions contained 65 mg. and the pooled 
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remaining fractions 17 mg., or a total of 500 mg. was found in all the ether 
fractions. 

The first and second pooled fractions from the three columns described 
above, containing 483 mg. of antibiotic, were combined with similar frae- 
tions from another lot, containing 79 mg. of antibiotic. The ether was 
removed in vacuo and the residue extracted repeatedly with distilled water, 
the total volume being 625 ml. The combined aqueous extracts were 
then extracted twice with 0.5 volume of petroleum ether. Considerable 
brown inert material was removed by the latter solvent. This was dis- 
carded. The water phase, contaming the antibiotic, was concentrated 
in vacuo at a bath temperature of 30° to a volume of 23 ml. During the 
course of the concentration the antibiotic crystallized.  Atter storing 
the concentrate at 5° overnight the crystals were removed by filtration, 
washed three times with 1.7 ml. of cold distilled water, and dried tn vacuo 
over calcium chloride. Yield 440 mg., melting at 146.7-147.7> (corrected), 
After recrystallization from methylene dichloride, ethylene dichloride, 
and «a mixture of diethyl ether and petroleum ether the melting point re- 
mained constant at 149.7—-150.7° (corrected). A further quantity of the 
antibiotic was recovered from the aqueous mother liquors by repeated 
extraction with diethyl ether, removing the ether 7m vacuo, extracting the 
residue repeatedly with boiling methylene dichloride, and concentrating 
the solution until crystals began to appear. After storage tor several days 
at —5° the solvent was removed by decantation and the antibiotic re- 
erystallized from ethylene dichloride. Yield 50 mg., softening at 147.7 
and melting at 148.7-150.7> (corrected). 

Chloromycetin was originally isolated trom crude cultures containing 
about 20 y per ml. by means of this procedure. As the potencies of the 
crude cultures increased and as changes in the Composition of the fermen- 
tation medium were made, it was possible to adopt simpler procedures. 
The following is illustrative of the changes made. 

Procedure B-—The crude culture was treated with Super Filtrol and 
Hyflo Super-Cel as in Procedure A, except that a pil adjustment was not 
made. Immediately prior to extraction the pooled filtrates and washings 
were adjusted to pIL 8.5 to 9.0 with sodium hydroxide and extracted twice 
with 0.25 volume of ethyl acetate. The extracts were concentrated to 
contain about 20 mg. of Chloromycetin per mil. To SO onil., containing 
1.650 gm., were added 20 ml. of kerosene. ‘The solution was washed twice 
with LO ml. of O.OL N sulfuric acid, once with LO mil. of 5 per cent sodium 
bicarbonate, and twice with 10 ml. of distilled water. After drying over 
3 gm. of anhydrous sodium sulfate and filtering and washing the salt with 
anhvdrous ethyl acetate, the solvent was removed partially by distillation 
in vacuo at 37°. After standing overnight at 5° the ervstals were removed 
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by filtration and digested repeatedly with LO mil. portions of petroleum 
ether until the supernatants were colorless. After drving in vacno 1.3885 
em. were obtamed, melting at (corrected). On reerystalliza- 
tion from 45 mil. of ethvlene dichloride, to which 50 mg. of Nuchar C-190-N 
had been added, 1.168 gm. were obtained, melting at 149.2—150.2° (cor- 
rected). 

Properltics  Chloromycetin usually crystallizes from water or ethylene 
dichloride as colorless needles or elongated plates (see Fig. 1). Some 
batches of crystals have been light vellow and this color was removed with 
difficulty, at all. After several reervstallizations from different solver ts 
it has a constant melting point of 149.7- 150.7° (corrected). It is optically 
active, fa] = —25.5° (ethyl acetate), and has a characteristic absorption 


Pig. Photomicrograph of ervstals of Chloromycetin (from ethylene dichloride) ; 


spectrum in water or OL N hydrochloric acid with a single maximum at X 
278 mu. Analysis, C 41.11, 3.89, N 8.60, Cl (nomionic) 21.71. The 
solubility in water, 70 per cent aqueous propylene glycol, and propylene 
glycol (25°) is about 2.5, 60.6, and 150.8 mg. per ml. respectively. Chloro- 
mycetin is very soluble in methanol, ethanol, butanol-1, ethyl acetate, and 
acetone, fairly soluble in diethyl ether, and insoluble in’ benzene and pe- 
troleum ether. Tt is relatively insoluble in aqueous 5 per cent sodium bicar- 
bonate and slowly soluble in cold 5 per cent sodium hydroxide. However, 
it produces no coloration with ferric chloride, nor does it give the shift in 
absorption speetrum which is characteristic of phenols when treated with 
alkali. The Sakaguehi, Molisceh, and biuret tests are negative. Chloromy- 
eetin cnuses mo reduction in 2 minutes in boiling Benedict’s solution. 


A solution, contaming 0.2 y per mi., caused a 50 per cent Inhibition im 
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the growth of Shrgella paradysenteriac (Sonne), Under the same con- 
ditions 10 y of streptomycin base were required to produce this same effect, 

As was expected from the preliminary work carried out on the stability 
of the antibiotic in erude cultures, the pure eryvstalline material is quite 
stable in aqueous solution. No loss in aetivity was noted when solutions 
in distilled water were heated to 37> for a month or to LOO” tor 5 hours. 


The author wishes to express his appreciation to Dr. John Ehrlich and 
Mr. Robert M. Smith who supplied the crude cultures used in this work: 
to Mr. Dwight A. Joslvn and Mrs. Margaret Galbraith for pertorming the 
numerous assavs required; to Dr. John M. Vandenbelt for the absorption 
spectra determinations; to Mr. A. W. Spang tor the microanalyses; and to 
Mr. Quinten W. Martin tor his enthusiastic technical assistance, 


SUMMARY 


Methods are deseribed for the isolation of a new antibiotic, Chloromy- 
ceetin, in crystalline form from filtrates of submerged aerated cultures of a 
Streptomyces sp. Some of its more characteristic properties are described. 
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Rat liver suspensions can be fractionated by differential centrifugation 
into three main portions which are morphologically and biochemically 
distinct (2). Previous studies on the distribution of enzymatic activities 
in these fractions have shown that the activities of the succinoxidase and 
cytochrome oxidase systems were associated with granules approximately 
0.5 to 2.0 uw in diameter, which constituted the so called large granule frac- 
tion (3,6). In the present study, the work was extended to include cyto- 
chrome ¢, a component of the succimoxidase system which limits the activity 
of the system in liver homogenates or extracts. The work was facilitated 
by the fact that evtochrome ¢, in contrast to suecinoxidase and eytochrome 
oxidase, can be prepared in relatively pure form and can be estimated by 
direct quantitative techniques. Thus experiments were possible in which 
not only could the distribution of eyvtochrome ¢ present in the original liver 
be determined but the distribution of purified cytochrome ¢ added at 
various stages in the fractionation could also be investigated. 


Materials and Methods 


Determination of Succinoxidase Activity- In tissue suspensions, the con- 
centration of cytochrome ¢ limits the activity of the suecinoxidase system. 
In assaying for succinoxidase activity, therefore, cytochrome c was added 
in excess tO Insure Inaximum activity of the system (7). 

Determinations of succinoxidase activity were also carried out without 
the addition of evtochrome c¢, since under certain conditions the measure- 
ment of succinoxidase activity in this manner appears to be a measure of 
the evtochrome ¢ present. ‘The sucemoxidase activity values will be termed 
(7° in the presence of evtochrome ¢ added in excess and (;° in the absence 
of added evtochrome ¢. The @ values are expressed as ¢.mm. of oxygen 
taken up per hour per mg. of dry material. 


* Aided in part by a grant from the American Cancer Society on the recommenda- 
tion of the Committee on Growth of the National Research Council. 

* Fellow of the Jane Coffin Childs Memorial Fund for Medical Research (1946-47). 
Present address, McArdle Memorial Laboratory, Medical School, University of Wis- 
consin, Madison 6, Wisconsin. 
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Determination of Cytochrome c-~-Cytochrome ¢ was estimated by the spee. 
trophotometric method of Rosenthal and Drabkin (5). 

Preparation of Rat Liver Suspensions— The liver cells were disrupted and 
fractionated in the centrifuge essentially as described by Claude (2), 
The livers from ten to twenty rats fasted for 14 to 20 hours were removed. 
chilled, and passed through a masher to remove connective tissue. The 
tissue pulp was then ground alone in a mortar for 3 minutes, and neutra) 
water or neutral 0.85 per cent NaCl! solution was added slowly to a volume 
corresponding to 5 times the weight of the tissue pulp. 

Fractionation of Suspension of Rat Liver in Water— Removal of unbroken 
cells and nuclei was accomplished by two successive centrifugations of 6 
and 5 minutes at 1500g (2). The supernatant fluid which remained after 
these centrifugations will be referred to as the extract, EF. 

The extract was centrifuged for 20 minutes at 9400g,' the supernatant, 
Si, was removed, and the sediment, consisting mainly of large granules, 
was resuspended in a small volume of water. Portions of the large granule 
concentrate, Lgc, were then washed twice with either water, Lg(HO)w, 
or saline, Lg(NaCl)w, by resedimentation of the large granules from these 
media. 

The supernatant, S;, was recentrifuged for 15 minutes at 9400 to re- 
move any unsedimented large granules. The supernatant from this cen- 
trifugation, Se, was centrifuged 1 hour at 26,000g.!. The supernatant, S, 
was saved and the sediment, consisting mainly of microsomes, was sus- 
pended in asmall volume of water. Portions of the microsome concentrate, 
Me, were then washed once with water, M(HLO)w, or with saline, 
M(NaCl)w, by resedimentation of the microsomes from these media. 

Fractionation of Suspension of Rat Liver in Saline—The removal of 
nuclei and of whole cells from the suspension of rat liver in isotonic saline 
was accomplished by three successive centrifugations of 3 minutes at 15009 
(2). 

The nuclei- and cell-free extract, E, was centrifuged for 15 minutes at 
9400g;' the supernatant, S;, was removed and the sediment consisting 
mainly of large granules was resuspended in a small volume of saline. 
Portions of the large granule concentrate, Lac, were then washed twice 
with either saline, Lg(NaCl)w, or with water, Lag(HeO)w. In addition, a 
portion of the granules which had been washed twice with water was 
washed once with saline, Lg(HeO/NaCl)w. 

It will be noted that the centrifugal foree employed for the sedimenta- 


1 The centrifuge was constructed and designed by Mr. J. Blum of the Laboratories 
of the Rockefeller Institute and consisted of a conical head which was rotated ina 
refrigerated, evacuated chamber and which supported 50 ml. lusteroid tubes at an 
angle of 30°. 
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tion of the large granules was considerably higher than had been used in 
former experiments (2). It had previously been observed that the large 
granules immersed in water increase in size, with a corresponding decrease 
in density (1, 2) and, in order to obtain adequate sedimentation of the large 
granules from water, it Was necessary to resort to a higher centrifugal force. 

The volumes of the original liver suspension and of each of the liver 
fractions were carefully determined. ‘The values obtained were corrected 
for the removal of samples in the preceding steps of the fractionation pro- 


cedure. 
Results 


The distribution of cytochrome c in the liver fractions was found to be 
profoundly affected by the medium in which the fractionation was made. 
The results obtained can best be presented by a description of two frac- 
tionation experiments, one of which was made in water and the other in 
isotonic salt solution. 

Fractionation of Rat Liver in Distilled Water-—The data obtained in a 
typical experiment in which the large granules and microsomes were iso- 
lated from a suspension of rat liver in distilled water are summarized in 
Table I. The volume, the dry weight, the cytochrome ¢ content, and the 
succinoxidase activity of the different fractions are given. It will be noted 
that approximately 57 per cent of the dry weight of the original liver sus- 
pension was recovered in the extract, E. This would indicate that ap- 
proximately 57 per cent of the liver cells had been broken. The recovery 
of eytochrome ¢ did not, however, correlate well with the recovery of the 
dry weight. Thus only 40 per cent of the cytochrome c of the original 
liver suspension was recovered in the extract in contrast to the 57 per 
cent of the dry weight recovered in this fraction. 

In confirmation of previous work (3, 6) it was found that essentially all 
of the succinoxidase activity present in the extract was recovered in the 
washed large granules. Thus 90 per cent of the succinoxidase activity 
present in the extract was found to be associated with the large granules 
washed with water, Lg(TI.O)w. Washing the granules with water or 
saline made little difference in the specific activity or the proportion of 
the total activity of this enzyme svstem recovered from the extract. Thus 
the succinoxidase (Q;° of the granules washed with water (Lg(H.O)w) was 
340 and that of the granules washed with saline (Lg¢(NaCl)w) was 300. 
In terms of total activity these values accounted for 90 and 82 per cent 
respectively of the total activity present in the extract. 

The results obtained with cytochrome c were in marked contrast to those 
obtained with succinoxidase activity. In the first place it should be noted 
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that only 55 per cent of the cytochrome present in the extract was recovered 
in the large granule concentrate, Lge, while 96 per cent of the succinoxidase 
activity was recovered in this fraction. In addition 12.8 per cent of the 
cytochrome c present in the extract was recovered in the microsome con- 
centrate, Mc. The latter finding was rather surprising in view of the facet 
that the other components of the succinoxidase system have not been found 
to be associated with the microsomes in measurable amounts (3). 


TABLE | 


Distribution of Cytochrome c and Succinozidase Activity in Fractions Obtained from 
Suspension of Rat Liver in Water 


Dry weight Cytochrome c Succinoxidase activity 


l issue fraction ume Fraction Fraction Per gm. Fraction 
Perml. Total of Total of dry of 
extract extract weight extract 
mil. me. me. per cent Y | percent 7 per cent 


Liver suspen- 
sion 598 54.1 32,400 23,700 732; 93 | 


455 40.9 18,600 (100) 9,460 (100, 5OS STs (100) 
348 30.7 10,700, 57.6 
340 30.2 10,270 55.2 
Ss 319 | 23.5 7,500 40.3 
Lge 125 | 56.1 7.020 37.8 5,200) 55.0 224 12.6 
Lg(H.O)w 102 | 42.2 | 4,310, 23.2; 4,190| 44.4 971 . 340 90 | 26.2 
Washings 442 5.4 2,386 12.8 
Lg(NaClw 102 43.7 4,470 24.0 0 9g 0 300 S2 0.9 
Washings i565 4.7 2.140 11.5 
Me 58 41.2 2,400 12.9 1,204 12.8 Sw 
M(H.O)w §2 31.6 1.962 10.6 S802 8.5 409 
Washings 451 O8 361 1.9 
M(NaCliw 62 27.6 1.714 9.2 0) 
2.4 


Washings 143 1.0 443 


* See the text for an explanation of the symbols, 


It was found that the cytochrome ¢ associated with the large granule 
and microsome concentrates could be removed by subsequent washing with 
isotonic saline, although washing with water failed to remove it. As is 
shown in Table I, if the large granules or microsomes were washed with 
water (Lg(H:O)w and M(H2O)w), their cytochrome ¢ content was 4190 
and 802 y respectively. On the other hand, the large granules and the 
microsomes washed with isotonic saline (Lg(NaCl)w and M(NaCl)w) did 
not contain measurable amounts of cytochrome c. Thus it is apparent 
that the nature of the medium used in the washing has a striking effect 
on the cytochrome ¢ content of the large granules and microsomes. 
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Although a considerable amount of cytochrome ¢ was associated with the 
large granules washed with water and the concentration of cytochrome c¢ 
in this fraction (971 y per gm. of dry material) was considerably higher than 
in the extract (508 y per gm. of dry material), the cytochrome ¢ was ap- 
parently active only to a very slight extent in the succinoxidase system. 
This was indicated by the low succinoxidase activity exhibited by this 
fraction (Q,° = 26), as compared to its succinoxidase activity when cyto- 
chrome c was added in excess (Q7° = 340). 

Fractionation of Rat Liver in Tsotonie Saline Solution—The results just 
described were in marked contrast to those obtained when the rat liver 


TABLE II 
Distribution of Cytochrome c and Succinoridase Activity in Fractions Obtained from 
Suspension of Rat Liver in 0.85 Per Cent NaCl 


Dry weight Cytochrome ¢ a 
| Total | of | Total | yraction |, Per em. 
extract 
| tract 
| 
mi. meg. mo. fer cent | 
Liver suspension 454 49.4 22,420 14,980 668 111) 
380 35.8 13,600 (100) 8.270 (100) HOS (100) 
346 24.9 8,620 63.5 3.320 40.2 385 | 
Lge 7663.2 4,805 35.4, 4,860 58.8 1012 232 100 | 149 
Lg(NaC 7650.6 3,845 28.3, 3,335 40.3 868 235 81 139 
Washings 496 1.4. 698 5.1 | 
Le(H,O\w 7639.4 2.995 22.0 3.520 42.6 1176 310° 83! 21 
Washing 418 4.7 1,986 14.6 | 
Lg(H.O) NaC liw 7635.7 2,712 19.9 Traces Traces Traces 340 82. 14 
Washings 347 0.4 139 1.0 


*See the text for an explanation of the symbols. 


cells were disrupted and fractionated in isotonic saline (see Table II). 
In this case the concentration of ¢evtochrome ¢ was found to be higher in 
the washed large granule fractions than in the extract, with the exception 
of the large granules washed with water, then with isotonic saline 
(Lg(HeO/NaCl)w). After the latter treatment, the large granule fraction 
was found to have retained only traces of its original content of evtochrome 
ec. Apparently, then, the effect of water was to produce some alteration 
in the large granules that permitted the removal of the cytochrome e¢ by 
the saline. Large granules washed repeatedly with saline without inter- 
mediate treatment with water retained most of their eytochrome ce. 
Another striking difference between the water and saline treatments was 
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the extremely high succinoxidase activity exhibited by the large granules 
washed in saline, Lg(NaCl)w. These granules had an activity which wag 
59 per cent as great as the activity which was exhibited when excess cyto- 
chrome c was added (Q;* = 139, as compared to Q7* = 235). On the other 
hand the granules washed with water had a succinoxidase activity which 
was only about one-seventh as great as the activity of the saline-washed 
granules (Q,° of Lg(H.O)w = 21). This difference between the succin- 
oxidase activities of the water and the saline-washed granules was even 
more striking in view of the fact that the granules washed in water had a 
higher concentration of cytochrome c than did the granules washed with 
saline; fraction Lg(H.2O)w contained 1176 y of cytochrome c per gm. of 
dry material, while Lg(NaCl)w contained only 868 y. 

In other experiments in which the microsomes were also isolated from 
saline suspensions of rat liver, another striking difference was found be- 
tween the saline and the water suspensions of rat liver. No measurable 
amounts of cytochrome ¢ were found in association with the microsomes 
isolated from the saline suspensions. This was in marked contrast to the 
considerable amounts of cytochrome ¢ which had been found to be present 
in the microsomes isolated from suspensions of rat liver in water (Table 1). 


DISCUSSION 


The experiments reported in this paper show that large granules sedi- 
mented from suspensions of rat liver in water or in isotonic saline and 
washed with water possessed a succinoxidase activity in the absence of 
added cytochrome ¢ which was about one-seventh that of the granules 
maintained in saline during the entire fractionation procedure. Two main 
interpretations of these results can be considered, namely that the effect 
of water was to dilute the cytochrome ¢ present in the large granules or 
to alter the connection of the cytochrome c with the other components 
of the succinoxidase system. 

Claude (1) observed that large granules swell tremendously in distilled 
water and eventually disintegrate. A 2-fold increase in the diameter of 
the large granules would be more than sufficient to account for the low 
activity of the large granules washed with water, since such an increase in 
size would result in an 8-fold dilution of the evtochrome c in the large gran- 
ules. The fact that both granules in saline and granules in water had 
approximately the same succinoxidase activity when cytochrome c¢ was 
added in excess would also appear to support the dilution hypothesis. 

The idea that the effect observed is due to dilution only is not completely 
satisfactory, however, in view of the fact that the cytochrome ¢ could be 
removed from the large granules, once these granules had been treated with 
water. 
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The possibility that cytochrome c was present in the water-treated large 
granules as a result of secondary adsorption must be considered. Several 
observations favor such a view. In the first place, the cytochrome ¢ which 
was present in the water-treated granules was essentially inactive in the 
succinoxidase system. ‘This lack of activity might result from adsorp ion 
of the cytochrome c on the large granule in a location inaccessible to the 
other Components of the succinoxidase system, rather than from dilution 
of the cytochrome c within the granules. The fact that the microsomes 
jsolated from a suspension of rat liver in water contained cytochrome c 
while the microsomes isolated from a suspension in saline did not would 
seem to support the view that the effect may be due to secondary ad- 
sorption. As in the case of the large granules, it was observed that the 
cytochrome c associated with the microsomes could be removed by washing 
with saline. Since washing with isotonic saline did not remove the cyto- 
chrome c from large granules when these were originally prepared in saline, 
it must be concluded that the cytochrome ¢ in the water-treated large 
granules Was probably present in a different physical state. 

The observation that homogenates of tissues made in isotonic media had 
a much higher succinoxidase activity in the absence of added cytochrome c 
than did homogenates prepared in water (4, 7) was interpreted as being 
due to a higher proportion of unbroken cells in the isotonic media. The 
ratio of succinoxidase activity in the absence of added cytochrome c 
to the activity in the presence of cytochrome ¢ added in excess was thus 
termed the “evtolysis quotient.’ Since the same phenomenon was ob- 
served in the present experiments with the large granules isclated from 
suspensions of rat liver in water and in saline, it is obvious that cytolysis 
was not involved, because no cells were present in the large granule prep- 
arations. Nor is the ratio a measure of eytochrome ¢ content, since the 
large granules prepared from a suspension of rat liver in water had a higher 
cytochrome c content than did those prepared from a suspension in saline. 
From these observations it can be concluded that the ratio is probably a 
measure of the availability of cytochrome c¢ to the suecinoxidase system. 
A more appropriate term for this ratio would be “cytochrom> quotient,”’ 

The results which have just been described clearly show that the medium 
in which the fractionations of the cell are made have a profound effect upon 
the biochemical properties of the resultant fractions. Thus the study of 
the media to be used for the isolation of the components of the cell would 
seem to be of paramount importance if a true picture of intracellular proe- 
esses is to be obtained. ‘Together, the succinoxidase assay, the cyto- 
chrome quotient, and the quantitative determination of evtochrome ec 
provide a valuable method for the studies of other media. 
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SUMMARY 

i. The succinoxidase activity and the cytochrome ¢ content of fractions 
of rat liver obtained by differential centrifugation were determined, 

2. In confirmation of previous results, the succinoxidase activity was 
found to be associated almost exclusively with large granules, 0.5 to 2.0 
uw in diameter. 

3. Cytochrome ¢c was found to be associated with the large granules and 
the microsomes when these were obtained from a suspension of rat liver 
in water; when washed with water the large granules and the microsomes 
retained most of the cytochrome ¢ present. On the other hand, washing 
the large granules and the microsomes, prepared in water, with isotonic 
saline resulted in complete removal of the eyvtochrome ec. The cytochrome 
c associated with the granules in water was not very active in the succin- 
oxidase system, since the succinoxidase activity of the large granules was 
only 8 per cent of the maximum activity obtained when excess cytochrome 
c was added to the assay system, although 44 per cent of the eytochrome ¢ 
and 90 per cent of the succinoxidase activity present im the cell-free liver 
extract were recovered in the large granules washed with water. 

4. Cytochrome ¢ was also found to be associated with the large granules 
sedimented from a suspension of rat liver in isotonic saline, but not with the 
microsomes. Most of the eytochrome c associated with the large granules 
was retained upon washing with saline or with water but was lost when the 
granules which had been washed with water were subsequently washed with 
isotonic saline. The cytochrome c content of the large granules accounted 
for 40.3 per cent, and the succinoxidase activity SL per cent, of the respec- 
tive values in the cell-free liver extract. The evtochrome ¢ associated with 
the granules washed with saline was very active in the succinoxidase sys- 
tem, since the succinoxidase activity of the large granules was 60 per cent 
of the maximum succinoxidase activity which was obtained when cyto- 
chrome c was added in excess to the assay system. 

5. The implications of the findings have been discussed. It is concluded 
that a considerable proportion of the evtochrome ¢ of the liver cell is asso- 
ciated with the large granule fraction and is biologically active when the 
isolation of the large granules is made under proper conditions. 
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SPECTROPHOTOMETRIC MICROMETHOD FOR THE 
QUANTITATIVE DETERMINATION OF THE FREE 
ERYTHROCYTE PROTOPORPHY RIN* 


By MOISES GRINSTEIN¢ anp MAXWELL M. WINTROBE 


(From the Department of Medicine, University of Utah School of 
Medicine, Salt Lake City) 


(Received for publication, August 25, 1947) 


Interest has developed recently (1-3) in the significance of the free proto- 
porphyrin which van den Bergh and Ilyman (4) reported in 1928 as being 
present in human erythrocytes. This “erythrocyte protoporphyrin” (EP) 
is identical with the protoporphyrin which, in combination with iron and 
globin, forms hemoglobin (1, 5). An increase in the quantity of free EP 
has been observed in immature erythrocytes (reticulocytes) (1, 3) in iron 
deficiency and in lead and gold poisoning (1) as well as in cases of anemia 
assomlated with infection (2). It has been postulated that the most com- 
mon cause of increased IcP is uncompleted hemoglobin synthesis, whether 
due to the immaturity of the red blood corpuscle or the consequence ot 
failure to synthesize hemoglobin through lack of iron or other building 
stones, a fault in iron metabolism or interference with hemoglobin synthesis 
in some other way (3). 

Van den Bergh and Hyman (4) devised a method for the quantitative 
determination of this porphyrin which depended on its extraction from the 
red blood corpuscles with «a mixture of 3 volumes of ethyl acetate and | 
volume of glacial acetic acid. The concentration of the porphyrin was 
determined by measuring in a stufenphotometer the intensity of fluores- 
cence exhibited under ultraviolet light by a final 5 per cent HCI solution. 

Modifications of this method by van den Bergh and Grotepass (6), 
Lageder (7), Vigliani and Angeleri (8), Schumm (9), and Seggel (10) have 
heen concerned mainly with the purification of the protoporphyrin ex- 
tracted by van den Bergh’s procedure and the measurement of the concen- 
tration of the protoporphyrin in the final HCl solution. This concentration 
has been determined by measuring the intensity of fluorescence or the ab- 
sorption within a given spectral range. 

All of these methods have one or more of the following disadvantages: 
too large a volume of blood required, difficulty in measuring the intensity 
of fluorescence by color matching in the stufenphotometer, or technical 
difficulties in determining the absorption in the ultraviolet, as is the case 

*'This study was aided by a grant from the United States Public Health Service. 

tf On leave from the University of Cordoba, Cordoba, Argentina. 
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in Schumm ’s spectrographic method. Some of these objections were over. 
come in the method of Grinstein and Watson (11) who used an Evelyn 
photoelectric colorimeter for measuring the absorption by the protopor- 
phyrin solution of the ultraviolet light transmitted by Filter 400. The 
original van den Bergh extraction procedure was reduced in this method 
from 2 hours to a few minutes. By this means determinations of free 
erythrocyte protoporphyrin in 10 ml. of blood can be made with good ae. 
curacy. ‘The sensitivity of the Evelyn instrument is limited, however. 
by the much lower absorption obtained with solutions of protoporphyrin 
in 5 per cent HCl] at the wave-length of maximum transmittance of Filter 
400 and also by the wide range (380 to 420 my) of light transmitted by this 
filter. ‘The sensitivity can be greatly increased by measuring the absorp- 
tion at 407.5 my, which is the wave-length of maximum absorption for 
protoporphyrin in 5 per cent HCI (see Fig. 3,4). The micromethod which 
is described here is based on the use of the Beckman spectrophotometer. 
It makes possible the measurement of protoporphyrin in much smaller 
quantities of blood than have been used heretofore. 


EXPERIMENTAL 


Spectrophotometric Properties of Protoporphyrin 9 (Type I11)——The proto- 
porphyrin 9 used in these studies was prepared from hemoglobin by a 
method reported recently (12). Spectrophotometric measurements were 
carried out with the Beckman spectrophotometer, model DU. 

In Fig. 1 is shown the absorption curve of the protoporphyrin dissolved 
in 25 per cent HCl. The absorption intensity corresponding to the three 
bands can be seen. ‘The millimolar extinction coefficient at 411 my (wave- 
length of maximum absorption in the ultraviolet band) is 17 times greater 
than that at 557 my and 47 times greater than that at 602 mu. In Fig. | 
the transmittance curve of Filter 400 used in the Evelyn instrument is 
shown. It can be noted that at 398 mu, where the transmittance of the 
filter is maximum and equal to 24.8, the millimolar extinction coefficient 
(e) is reduced from a maximum of 278 at 411 mu to 110.) At 411 mu, 
the wave-length of maximum absorption of protoporphyrin in 25 per cent 
HCl, the transmittance of the filter is reduced from 24.8 to 18.7. 

In Fig. 2 calibration curves are shown for the protoporphyrin dissolved 
in 25 per cent HCl] determined with the Beckman spectrophotometer at 
411 mg, band width of 0.6 my, and with the Evelyn photoelectric colorim- 
eter, Filter 400. The data for the spectrophotometer are given in Table 
I. The calibration curve obtained with the spectrophotometer is a straight 
line, at least up to 200 y per 100 ml. of solution; that is, the absorption fol- 
lows the Lambert-Beer law. This is not true of the curve obtained with 
the Evelyn instrument, since the light used is not monochromatic. It 
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Fic. 1. Absorption curve (continuous line) of protoporphyrin 9 dissolved in 25 
percent HCl. The scale for the millimolar extinction coefficient (e) is 10 times greater 
for the wave-length of 615 to 460 mg than at lower wave-lengths. The transmittance 
curve of Filter 400 of the Evelyn photoelectric colorimeter is indicated by the inter- 
rupted line. 
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Fic. 2. Calibration curves for the protoporphyrin 9 dissolved in 25 per cent HCI 


can be seen that higher optical densities were obtained with the spectro- 
photometer even though the measurements were made with a depth of 1 
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em. of solution which is almost half of the depth used with the Evelyn 
photoelectric colorimeter. Considering the fact that the Beekman instry- 
ment permits measurement at the wave-length of maximum absorption. 
as Well as the jact that this instrument requires only 3 ml. as Compared to 
10 ml. for the evelyn colorimeter, the sensitivity is thus capable of being 
increased about 10 times. Tlowever, since the depth of the solution in the 
Evelyn instrument is almost double that in the Beckman, the actual sen. 
sitivity increase is only about 5 times. In general it can be stated, there. 
fore, that quantities of protoporphyrin as low as 0.3 y in 3 mil. of solution 
ean be measured with good accuracy. 

In Fig. 3, A is shown the variation of the wave-length of maximum ab- 
sorption with changes in the HCl] concentration from 5 to 25 per cent THC. 


Tasie I 
Data for Construction of Calibration Curve for Protopor ph yrin 9 Dissolved 
in 25 Per Cent HCl 
Absorption at 411 Thi, measured with the Beckman spectrophotometer, band 
width of 0.6 mag. 


Protoporphyrin Optical density, d = 1 cm. anne Os. concentration 
Optical density 
y per cent 
20) 
40 0.196 
SO) 0.305 YO 
120 | 204 
160 | 0.783 204 
200) 


Average 


These observations are consistent with less complete observations by 
Schumm (9). Fig. 3, B shows that the specifie extinction coethcient re- 
mains practically constant in the range of 5 to 25 per cent IC! if the meas- 
urement is made at the wave-length of maximum absorption. Fig. 3, B 
also demonstrates that if measurements are carried out at a single wave- 
length, for instance at 411 my, an error is mtroduced. In Fig. 3, C the 
intensity of fluorescence of the protoporphyrin in different HCl concentra- 
tions is shown. ‘This has already been reported by Ciuinstein and Watson 
(11) for concentrations of HC] between | and 5 per cent. The intensity 
of fluorescence Was measured with a Klett fluorimeter, model 2O70. The 
sensitivity corresponds to a standard of fluorescence of O11 me. of quinine 
sulfate in 100 ml. of O.L N sulfuric acid with « potentiometer setting at 
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9). Lamp Filter 597 and photocell Filter 306 were used for the quinine 
fluorescence and photocell Filter 245 for the porphyrin fluorescence. A 
striking decrease of the intensity of fluorescence with increase of the HC! 
concentration is evident. 


A. 
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hic. 3. A, variation in wave-length of maximum absorption of protoporphyrin 9 
associated with changes in concentration of HCI] solvent. B, specific extinction co- 
efficient of protoporphyrin & in different concentrations of HCl when measured at the 
wave-length of maximum absorption compared with measurements at 411 mu. 
intensity of fluorescence of protoporphyrin Vin different concentrations of HC], 


Details of Method Vhe modified method is essentially the same as that 
described by Grinstein and Watson (11) except that only 2 ml. of whole 
blood are required and the final extraction is made with 25 per cent HC] 
instead of 5 per cent HCl The extraction with 25 per cent HCI reduces 
the number of extractions necessary and consequently reduces the vohime 
of the final solution, 
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2 ml. of blood are measured into a 15 ml. conical centrifuge tube which 
is then centrifuged and the plasma removed. In a separate sample of the 
blood a hematocrit determination is made. The cells are thoroughly 
mixed with 10 ml. of a mixture of 3 volumes of ethyl acetate and 1 volume 
of glacial acetic acid. This is added in successive portions and is stirred 
with a glass rod. It is important to use chemicals of the greatest possible 
purity. The mixture is allowed to stand a few minutes until the precipi- 
tute has settled. The supernatant is decanted through filter paper into a sep- 
aratory funnel. A pear-shaped separatory funnel of 100 to 125 ml. is the 
most convenient. The precipitate is washed with three successive 5 ml. 
portions of the same extraction mixture and is decanted into the same separa- 
tory funnel through the same filter paper. The filtrate is washed with 
three successive 7 to 8 ml. portions of distilled water. ‘The combined 
washings are extracted with 5 ml. of ethyl acetate to remove porphyrin that 
may have been washed out. This ethyl acetate is added to the main ethyl] 
acetate solution. After complete separation of the water, the protopor- 
phyrin is extracted repeatedly with 2 ml. portions of 10 per cent HC] 
until no further red fluorescence can be seen in the acid layer under the 
ultraviolet light. 

A saturated solution of sodium acetate is added until basic (red) to Congo 
red paper. 1 ml. of glacial acetic acid is added in order to reduce the tend- 
ency to form emulsions. The solution is extracted with successive 10 ml. 
portions of ethyl ether (hydrogen peroxide-free) until no red fluorescence 
can be seen in the ether layer under ultraviolet light. Usually two ex- 
tractions are sufficient to accomplish this. The combined ether extracts 
are washed once with 2 ml. of a 1 per cent NaegCQs, solution to neutralize 
partially the acetic acid, and twice with 2 ml. portions of distilled water. 
After complete separation of the water (about 10 minutes) the ether is 
extracted about 1 minute with 1.5 ml. of 25 per cent HCI! (25 gm. of HC! 
per 100 ml.). Practically all of the protoporphyrin is removed with one 
extraction. A second extraction with 0.3 ml. of the HCI is convenient in 
order to remove HCI solution of the first extraction. Ordinarily the total 
volume of solution obtained is 3 ml., which is sufficient for the absorption 
measurement with the Beckman spectrophotometer. The optical density 
is measured with a band width of 0.6 my and at a wave-length of 409 mu, 
since the HCI concentration of the final protoporphyrin solution is 15 per 
cent (see Fig. 3, 4). Measurements should be made within the Ist hour. 
For the calculation of the protoporphyrin concentration the constant A 
= 204 is used, A being the ratio of micrograms of protoporphyrin per 100 

1 For this purpose the ultraviolet lamp of the Hanovia Chemical and Manufactur- 
ing Company, Newark, New Jersey, or G. W. Gates and Company, Franklin Square, 
Long Island, New York, is recommended. 


$ 


M. GRINSTEIN AND M. M. WINTROBE 465 


ml. of 25 per cent ILC] divided by the optical density. For 2 ml. of blood 
and a final protoporphyrin solution of 3 ml. the following formula can be 
used for the calculation of the free protoporphyrin per 100 ml. of packed 
cells. 


in Which EP is the free erythrocyte protoporphyrin in micrograms per 100 
ml. of packed cells, & is optical density, and Ht is the volume of packed 
cells per 100 ml. of blood. 


Il 
Recove ru of Protopor ph yrin Added to Red Blood Cells from 2 Ml. of Whole Blood 


_ —_ — — 


Protoporphyrin 


Raperement in red cells, per 100 | Recovery 
Y | y y per cent y per cent per cent 

| 05 153 

2 : S7 | 0.52 | 171 | 190 90 

3 120 | 0.21 | 144 | 149 | 96 

4 | 120 | 0.42 | 164 | 178 | 92 

5 120 | 0.63 OO) 

114 1.18 | 221 | 204 | <4 

114 200) | 338 | S6 
Average.. | | | | S98 


Recovery Expertment— A solution of ethyl acetate containing a known 
amount of protoporphyrin was added to red blood cells and the recoveries 
measured. These ranged from 84 to 96 per cent (average 89.8 per cent) 
(Table Il). In Table III are shown the recoveries obtained by adding 
a known amount of protoporphyrin to a mixture of ethyl acetate and glacial 
acetic acid such as Is used in extracting protoporphyrin from the red cells. 
The protoporphyrin content was then measured by carrying out the various 
stages of the method which we have deseribed. It can be seen that the 
recoveries are of the same order as those obtained when protoporphyrin 
was added to red cells. This indicates that the loss of protoporphyrin of 
approximately 10 per cent which occurred during the process of extraction 
(Table 11) is probably due to destruction of protoporphyrin rather than 
to retention in the residue. 
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Duplicate Determinations——Vable LV shows the results obtained in dupli- 
cate determinations of EP in samples of the same blood. It is seen that 
the differences are not greater than 4 per cent. 


III 


Recovery of Protoporphyrin Added to 3:1 Mixture of Ethyl Acetate and 
Glacial Acetic Acid 


——- 


Experiment No. | Protoporphyrin added Protoporphyrin found | Recovery 
| per cent 

| 0.8 0.74 | 

2 | 1.4 1.28 

3 | 1.5 1.69 

4 | 2.1 


Average.... 02.0 
TasBie IV 


Duplicate Determinations in Blood at Various Concentrations of Protoporphyrin 


Determina- Protoporphyrin in blood, | Determina- | Protoporphyrin in blood, 
tion No. per 100 ml. packed cells’ Difference“ No. _ per 100 ml. packed cells Difference 


— 


percent | Y per cent 


| | 62 | 2065 0.3 
2 103 | 99 1.5 
3 1] 313 304 3.0 
4 167 163 2 331 325 0.9 
7 25S 2538 0.0 | 15 1.2 
239 | 236 1.3 16 643 1.0 


(‘omment 


Since this method offers good accuracy for the measurement of us little 
as 0.3 y of protoporphyrin, and since normal human red blood cells contain 
about 30 to 35 y per 100 ml., 2 ml. of blood are sufficient for accurate deter- 
minations when normal or increased values for EP are expected. When 
low values are found, or expected, a greater quantity of blood should be 


used. 


SUMMARY 


A spectrophotometric method for the measurement of tree erythrocyte 
protoporphyrin in red blood cells is described which requires only a small 
amount of blood. The method depends on measurement at the wave- 
length of maximum absorption of a final 25 per cent HC] extract. 
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THE UTILIZATION OF ADENINE FOR NUCLEIC ACID 
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(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, 
New York) 


(Received for publication, October 22, 1947) 


It is well known that organisms are able to synthesize the purines which 
they require for nucleic acid formation (1-4) and recent work with labeled 
compounds has produced evidence as to precursors which are involved. 
Ammonia (5), acetic acid, lactic acid, and carbon dioxide (6), formic acid 
(7), and glycine (6, 8) serve as biological precursors of uric acid, and pre- 
sumably of the purines from which uric acid, at least in part, is derived. 

Despite the fact that the organism is able to synthesize the purines which 
it requires, it is to be expected that purines present in the diet will be ir- 
corporated into the tissues together with those being synthesized by the 
body. This possibility of the incorporation of a dietary purine into the 
nucleoproteins was investigated by Plentl and Schoenheimer (9) who fed 
guanine labeled with isotopic nitrogen to rats and to pigeons. They found 
no incorporation of the isotope into the purines of the tissue nucleic acids 
but extensive conversion of the guanine into allantoin in the case of the 
rat and into uric acid in the case of the pigeon. Parallel experiments in 
which the isotopically labeled pyrimidines, uracil and thymine, were fed 
showed that neither of these contributed any of their nitrogen to the synthe- 
sis of nucleic acids. From these results, the authors concluded (9) that, 
“Neither purines nor pyrimidines supplied in the diet are utilized by the 
body for the synthesis of nucleoproteins,” and this apparent exception to 
the dynamic concept of metabolism provokes speculation (10, 11). 

The purine adenine is found not only in the nucleic acids but also in the 
adenosine triphosphate of muscle and as a structural component of certain 
coenzymes. In addition, adenine and its derivatives exhibit certain pro- 
found physiological and pharmacological effects not shown by guanine. It 
seemed possible that the metabolism of these two compounds might well be 
different. Therefore, it was decided to extend the observations of Plentl 


* The authors gratefully acknowledge the use of funds from the Office of Naval 
Research and the Barker Welfare Foundation. 
A preliminary presentation of this material was made before the American So- 
ciety of Biological Chemists, Chicago, May, 1947. 
469 


470 ADENINE IN NUCLEIC ACID SYNTHESIS 


and Schoenheimer and to investigate the possibility of the incorporation of 
adenine into tissue constituents. 

Adenine containing an excess of isotopic nitrogen in positions | and 3 of 
the purine ring was synthesized by the method of Baddiley, Lythgoe, and 


NH-HC! 
WA * 
HC! NH 
HCN + C,H;OH — HC HC 
NH, 
(1) 
NH 
| 
NH; ON 
(ID) 
NH, Nil. 
| | 
C 
N C—N=N—CoH; H, N C—NH; HCSSK 
| 
HC C—NH. HC C—NH, 
of 
N N 
ay) 
NH. | 
NHg | 
| | 
* 
N C--N 
N C—NHCHAS | 
HC C-—NH. HC C—NH 
N 
Adenine 


Todd (12), as outlined in the aecompanyving scheme. This adenine was fed 
to adult male, Sherman strain rats. To guard against negative results due 
to insufficient adenine, it was desirable toadminister the compound in large, 
but not in toxic (13), amounts. Preliminary experiments indicated that 
rats of this strain could be fed adenine in amounts at least as large as 250 
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mg. per kilo of body weight per day for a week without the appearance of 
any symptoms of toxicity, although with a somewhat increased water con- 
sumption. In Experiment I with isotopically labeled adenine, a total of 600 | 
mg. of adenine per kilo of rat was administered to the animals at the rate 
of 200 mg. per kilo per day. In these experiments the mixed nucleic acids 
were isolated from the combined internal organs, with no attempt to sepa- 
rate the pentose and desoxypentosenucleic acids. It was found that a 
large amount of isotopic nitrogen of the dietary adenine had been incor- 
porated into the nucleic acids (Table 1). Degradation of these nucleic acids 
and separation of the adenine and the guanine revealed that not only the 
adenine but also the guanine contained isotopic nitrogen. ‘The results 
shown in Table I indicate that in [Experiment I a total of 13.7 per cent 


TABLE I 
Feeding of Isotopic Adenine (200 Mg. per Kilo per Day) 


| Atom per cent N15, calcu- 


Atom per centexcess | tated on basis of 100 per cent 
N N"™ in adenine fed 


| 
Adenine (dietary) | 


6.29 100 

Sodium nucleic acids 0.3386 
Adenine picrate . 0.536 

(calculated from picrate).. 0.857 13.7 

hydrochloride 0.850 
Guanine. . | 0.513 8.2 
Silver pyrimidines. . 0.00 0.0 
Adenosine triphosphate. 0.160 2.6 
Allantoin. . 1.70 | 27.0 
Ammonia. 0.02 0.32 
0.018 | 0.29 


of the adenine and 8.2 per cent of the guanine of the nucleic acids was 
derived from the dietary adenine during the period of this experiment. On 
the other hand the pyrimidines, isolated as their silver salts, contained no 
isotopic nitrogen and were therefore not derived trom the purines. 

The small concentration of N' found in the adenosine triphosphate 
(ATP) isolated from the muscle indicates that this nucleotide can also be 
formed from dietary adenine, although more slowly. 

Allantoin, urea, and ammonia were isolated from the pooled urines. Of 
the allantoin excreted during the experiment, 27 per cent was derived from 
the adenine that had been fed. On the other hand, that there was very 
little degradation of the purines to either ammonia or to urea was indicated 
by the presence of only trace amounts of isotopic nitrogen in these sub- 
stances. 


472 ADENINE IN NUCLEIC ACID SYNTHESIS 


This first level at which adenine was fed, 200 mg. per kilo per day, js 
abnormally high and may be approaching the level at which toxicities may 
be observed. Therefore, Experiment II was carried out in which the 
amount of adenine fed per day was well below the amount of purines nor- 
mally metabolized by the animals. From the data of Ackroyd and Hopkins 
(14), it may be calculated that rats on a bread and milk diet excreted 262 
mg. of allantoin per kilo per day, while Leone (15) finds 60 to 140 mg. of 
allantoin produced per kilo per day on diets stated to be purine-free. For 
Experiment II a level of 27 mg. per kilo per day was chosen as being well] 
below the amount of purine normally turned over per day and as being 
equivalent, on a molar basis, to the lower level at which guanine was fed 
in the original experiments of Plent! and Schoenheimer (9). The crude 
sodium nucleates were isolated as in the first experiment and in addition 
copper purines were isolated directly from the dehydrated internal organs. 


II 
Feeding of Isotopic Adenine (27 Mg. per Kilo per Day) 


Atom per cent N!5, calcu- 


Atom — eXCess lated on basis of 100 per cent 
} N'4in adenine fed 


.29 100 


Adenine (dietary).... 6 
Copper purines..... ... 0.23 
Purine hydrochlorides... 0.23 
Adenine picrate................. | 0.21 

(calculated from picrate).. 0.34 5.4 
Guanine........ 3 | 0.20 3.2 
Adenosine triphosphate. | 0.002 0.03 
Allantoin...... rere | 0.348 | 5.53 
Muscle protein. . | 0.00 0.0 


The copper purines isolated from the tissues and the mixed purine hydro- 
chlorides isolated from the crude nucleic acids contained the same atom 
per cent excess N"®. Isotope analyses (Table 11) on both the adenine and 
guanine isolated from the mixed purine hydrochlorides showed that at this 
lover level there was a more efficient utilization of the dietary adenine for 
the formation of nucleic acids. Thus, although the amount of adenine in 
the diet was only 13.5 per cent of that in Experiment I, the absolute amount 
of isotopic nitrogen in the purines of the nucleic acids was 39 per cent of that 
in Experiment I. It is probably significant that in each experiment the 
nucleic acid adenine and the nucleic acid guanine were derived from the 
dietary adenine in the same'ratio, that is 1.0:0.60. 

At the lower level of intake the incorporation of the nitrogen of the 
dietary adenine into muscle ATP was negligible within experimental error, 
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although, had the utilization for this purpose been even proportional to 
the amount in the diet, the isotopic nitrogen would have been easily detect- 
able. It was also shown that the nitrogen of the muscle protein wa. not 
derived from the dietary adenine. 

Because of the marked difference between these results and those of 
Plent! and Schoenheimer, it was decided to repeat the feeding of guanine 
but at a much higher level than was used by these investigators. Guanine, 
containing an excess of N® in positions | and 3 of the ring and in the 2- 
amino group, Was prepared as previously described. 


Guanine 


Taste III 
Feeding of Isotopic Guanine (224 Mg. per Kilo per Day) 


—_ 


| Atom per cent N}5, calcu- 


Atom — — lated on basis of 100 per cent 
N'%in guanine fed 
Guanine (dietary)... pie §.40 100 
Sodium nucleic acids 0.009 0.14 
Copper purines... 0.00 0.0 
Allantoin. . 2.02 31.9 


The conditions under which this guanine was fed were the same as in 
the adenine feeding. It was fed at a level of 327 mg. of guanine sulfate per 
kilo of body weight per day, which is equivalent, on a molar basis, to the 
higher level of adenine feeding. The results obtained (Table III) com- 
pletely confirm those of Plentl and Schoenheimer. There is no evidence, 
even at this higher level of guanine feeding, of incorporation of dietary 
guanine into nucleic acids. The slight concentration of isotope found in 
the nucleic acids is of the order expected (5) to arise by synthesis from iso- 
topic ammonia contributed to the body pool of ammonia from the 2-amino 
group of the isotopic guanine, as is the small N® concentration found in 
the urinary urea. Just as was found by the previous investigators, a large 
part of the urinary allantoin arose from the dietary guanine. 
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To investigate the mechanism of conversion of adenine to guanine, a 
sample of the guanine sulfate isolated from the nucleic acids in experiment 
I was degraded. One portion of the guanine sulfate was deaminated to 
xanthine. Another part was oxidized by potassium chlorate to guanidine, 
which was isolated as the picrate. If all of the N® of the guanine sulfate 
were in positions | and 3, the N™ concentrations of the xanthine and guani- 
dine would be, respectively, five-fourths and five-thirds of the N™ concen- 
tration of the guanine. This was found to be the case (Table IV) and 
showed that the guanine derived from the dietary adenine still retained 
the isotopic nitrogen in positions | and 3, suggesting that the purine ring 
had remained intact throughout the conversion of adenine to guanine. 


Tasie IV 


Degradation of Guanine 


Atom per cent excess (Calculated for N'5 from 
Nis positions | and 3 only 
Guanine sulfate 0.513 
Xanthine... 67 0.64 
Guanidine picrate. .. | 0.44 


(calculated)....... 0.88 86 


The position of the isotopic nitrogen in the urinary allantoin trom: Exper- 
iment I was also investigated. The allantoin was degraded by reductive 
splitting to hydantoin (see the accompanying formulas), the isotope con- 
tent of which was exactly the same as that of the allantoin from which it 


NH O=C NH 
| HI 
| C=O 
| 
NH.:CONH—CH-—-NH CH.-—-NH 
Allantoin Hydantoin 


was derived. Thus the isotopic nitrogen, originally present in the | and 3 
positions of the purines, had become uniformly distributed between the 
imidazole and urea moieties of the allantoin, and this suggests the forma- 
tion of a symmetrical intermediate at some stage!’ in the degradation of 
the purines to allantoin. 


1 The feeding of uric acid, labeled in the 1 and 3 positions, has also been carried 
out in this laboratory (42), with the finding that the Isotopic nitrogen became 
similarly distributed in the allantoin derived from it, and it is probable that the re- 
distribution of the nitrogens of the adenine and guanine took place at the uric acid 
oxidation stage. 


if 
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EXPERIMENTAL 


Formamidine Hydrochloride (16)—-X 5OO ce. three-necked flask, having 
ground glass joints, Was equipped with a stirrer, with a sintered glass gas 
inlet tube which led to the bottom of the flask and which was interchange- 
able on this neck with a separatory funnel, and with a second inlet tube 
and a graduated separatory funnel on the third neck. This second inlet 
tube was attached to a system consisting of a cylinder of hydrogen cyanide,’ 
followed by a flask containing a little phosphorus pentoxide, three calcium 
chloride tubes, and an ice-cooled spiral condenser (17). The phosphorus 
pentoxide-containing flask and the caleium chloride tubes were immersed 
ina water bath at 40°. All of the glassware was dried in the oven and 
assembled while hot. 

The graduated separatory funnel was partially filled with ethanol freshly 
distilled from sodium ethylate and the second separatory funnel was filled 
with 200 cc. of ether freshly distilled from butyl magnesium bromide. 
After the apparatus had been weighed and attached to the dry hydrogen 
cyanide system, the main flask was surrounded by a bath at 40°. A few 
ce. of hydrogen cyanide were allowed to flow from the tank onto the phos- 
phorus pentoxide and to distil from there through the calcium chloride 
tubes and to be condensed into the main flask. When an appropriate 
amount had been condensed, the apparatus was disconnected, quickly 
weighed, and then returned to the ice bath. The weight of hydrogen eya- 
nide collected (about 6.25 gm.) was calculated, and the ether and slightly 
over 1 equivalent of ethanol were introduced (16 cc. of ethanol for 6.25 gm. 
of HCN). Stirring was begun and dry hydrogen chloride was introduced 
through the sintered glass inlet tube at a rapid rate. When the ether be- 
came saturated with hydrogen chloride and the precipitation of formimido 
ethyl ester hydrochloride had begun, the introduction of dry HCl was 
ended and the stirring and cooling were continued for 3 or 4 hours, or over- 
night. 

The sintered glass inlet tube was then connected to a vacuum system and 
the ether was drawn off. A little more ether was then added through the 
separatory funnel and drawn off. About 100 ec. of cold dry alcohol, con- 
taining slightly less than | equivalent of dry isotopic ammonia (3.6 gm. 
for 6.25 gm. of HON), whieh had been prepared (18) in the meantime, 
were added through the ether separatory funnel. All transfers were made 
with complete exclusion of moisture. The formimido ester dissolved and 
the erystallization of formamidine hydrochloride (1) began when the solu- 
tion was cooled in a dry ice bath. The mother liquors were then removed 
through the sintered glass tube as before. The unchanged ammonia was 
recovered from the mother liquors. 
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The latter step may also be carried out by sealing formimido ester hydro- 
chloride and isotopic ammonia in ethanol in a glass tube and heating at 
100° for 1 hour. 

Isotopic Adenine—The synthesis of 4,6-diamino-5-phenylazopyrimidine 
(III) was carried out according to the procedure of Baddiley, Lythgoe, and 
Todd (12) by adding immediately phenylazomalononitrile (II) and sodium 
ethylate to the formamidine hydrochloride in the flask in which it was pre- 
pared. The remainder of the synthesis was carried out according to the 
procedures of these authors. 

In the final cyclization of the 5-thioformamido-4,6-diaminopyrimidine in 
water as described by these authors, a pure product was not obtained. 
About 65 per cent of it was adenine and about 30 per cent was a more sol- 
uble compound, obtained chiefly in the second and third crops. This latter 
has proved to be the 5-formamido-4,6-diaminopyrimidine, which possesses 
an absorption spectrum almost identical with that of adenine but which 
may be readily distinguished from adenine by its distribution constant (K) 
in a butanol-1 mw phosphate system, pH 6.5.5 In this system adenine shows 
a K of 2.2 to 2.5, varying somewhat with goncentration, while the 5-form- 
amido-4,6-diaminopyrimidine shows a A of 0.225. The sample of adenine 
used in the biological experiments was recrystallized from water and was 
shown to be at least 98 per cent homogeneous when characterized by a 
twenty-four plate counter-current distribution (19, 20). 

One nitrogen containing 32.0 atom per cent excess N' was introduced into 
the formamidine used, resulting in 16.0 per cent in each of the 1 and 3 
nitrogens of the purine ring of adenine, or a theoretical value of 6.40 atom 
per cent excess average N™ content for the molecule. The atom per cent 
excess! was found to be 6.29. 


C;H,N;. Caleulated, N 51.9;° found, N 51.4 


Guantdine Nitrate—Guanidine nitrate was prepared according to the pro- 
eedure of Davis (21). Dieyandiamide (4.3 gm.) was fused with 9 gm. of 
ammonium nitrate, the ammonia of which contained 32 atom per cent 
excess N', and 10.8 gin. of guanidine nitrate were obtained, or 86 per 
cent of the theoretical yield. 

Guanine Sulfate-—-Guanine sulfate was prepared according to the pro- 
cedure of Traube (22), with the modifications of Plent! and Schoenheimer 


? J. F. Tinker, unpublished data. 

‘The authors wish to express their appreciation to the M. W. Kellog Company; 
to Mr. V. H. Dibeler and Dr. F. L. Mohler of the National Bureau of Standards; and 
to Mr. Steven Friedland of this laboratory, for the isotope analyses. The degree of 
precision possible was not always the same; as a result, some figures are quoted more 


precisely than others. 
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(9). Guanidine nitrate was treated with ethyl eyanoacetate in anhydrous 
methanol containing sodium methylate. The resulting 2,4-diamino-6- 
hydroxypyrimidine was obtained as the sulfate (58 per cent yield) and 
nitrosated (90 per cent vield). This derivative was reduced to the cor- 
responding 2,4,5-triamino-6-hydroxypyrimidine compound which was ob- 
tained as the sulfate (65 per cent vield). Treatment of this tnamine with 
formic acid yielded guanine sulfate (73 per cent vield). The over-all yield 
based upon the ammonium nitrate used was 21 per cent. Isotope analy- 
sis showed an atom per cent excess N' of 6.40, which is equal to the ex- 
pected value. 


», 2H.O. Calculated, N 32.5;5 found, N 32.2 


Feeding Experiments A\l animals used were Sherman strain rats ob- 
tained from Rockland Farms. They were kept in metabolism cages which 
permitted collection of urine with minimum contamination of feces. Daily 
quotas of food were offered them each afternoon. The rats were main- 
tained on an unsupplemented diet for 4 days immediately prior to the 
experiments. The adenine as the hydrochloride and the guanine as the 
sulfate were mixed with pulverized and moistened Rockland rat diet (com- 
plete), the stock diet to which the rats were accustomed. In all experi- 
ments the supplemented food was fed over a 3 day period. On the 4th 
day the animals were given normal food, and were sacrificed at the end of 
that day. The urine voided during these 4 days was combined. During 
the process of collection it was diluted with about an equal volume of water. 
The rats were anesthetized by an intraperitoneal injection of 1 ec. of 25 
per cent urethan. Several small injections of 25 per cent magnesium sul- 
fate were then given at short intervals until death resulted. The thymus, 
lungs, heart, liver, kidneys, spleen, testes, and small intestine were imme- 
diately removed and dropped into a dry ice-ethanol freezing mixture. The 
intestines were first opened lengthwise, washed, and cut into small pieces. 
The leg and back muscles were removed and quickly frozen on a block of 
dry ice. 

Adenine Feeding; Experiment I--Five adult male rats with a combined 
weight of 1133 gm. were fed a total of 680 mg. of adenine (6.29 per cent 
excess N') as its hydrochloride, admixed with 272 gm. of food over a 3 day 
period. These animals gained a total of 147 gm. during the 7 day period 
and in succeeding experiments the food intake was reduced from 80 to 60 
gm. per kilo of body weight per day. 

Adenine Feeding; Experiment II—Two adult male rats weighing a total 
of 602 gm. were fed 48 mg. of adenine (6.29 per cent excess N™), admixed 


‘Corrected for content of isotopic nitrogen. 
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with 145 gm. of food, over a period of 3 days. ‘Their weight remained con. 
stant. 

Guanine Feeding; Experiment 111-—F¥our adult male rats weighing a total 
of 1162 gm. were fed 780 mg. of guanine (6.40 per cent excess N") as its 
sulfate, admixed with 210 gm. of food, over a 3 day period. ‘Their weight 
remained constant. 

[solation of Nucleie Acids ~The mixed internal organs, while still frozen, 
were homogenized with ethanol in a Waring blendor. The mixture was 
filtered and the residue was suspended in hot ethanol. This was repeated 
once more with ethanol and once with ether. The final residue was 4 
white powder. From 16 to 20 gm. of dehydrated tissue were obtained per 
kilo of rat. 

The sodium salts of the mixed nucleic acids were extracted by 10 per 
cent sodium chloride solution and the free nucleic acids were prepared (9), 
An average vield of 0.8 gm. of nucleic acids was obtained from 20 gm. of 
dehydrated viscera. 

[solation of Purines and Pyrimidines The nucleic acids were hydrolyzed 
and the purines were isolated by the method of Levene (23). A total of 
101 mg. of crude guanine, which vielded 78 mg. of pure guanine sulfate, 
was obtained in Experiment I. 

(CSHZONs)2- HeSOg-2H2O. Caleulated, N 32.1; found, Experiment I, N 32.3 


The adenine was isolated as the picrate and the product was recrystal- 
lized three times. In Experiment [ 140 mg. were obtained. 


CsHsNs- Calculated, N 29.3; found, N 20.1 


The adenine picrate® was characterized by counter-current distribution 
analysis and absorption spectrum and was furthermore shown to be 
free of guanine. Similarly, the guanine (A = 0.48) was shown to be free 
of adenine. 

The adenine picrate was also dissolved in dilute hydrochloric acid, ex- 
tracted with ether, and adenine hydrochloride was isolated after concen- 
tration of the solution. 

The filtrate from the precipitation of the mixed purine hydrochlorides 
was used for the preparation of silver pyrimidines. It was evaporated to 
a svrup, in vacuo, and 6 ec. of 6 N HCl were added per gm. of free nucleic 
acid. The solution was heated in a bomb tube at 180° for 3 hours and the 
residue was removed by filtration. From the solution the silver pyrimi- 
dines were prepared by the method of Kossel as described by Levene (24). 

In Experiment Il copper purines were also isolated directly from a portion 
of the dehydrated viscera according to the procedure of Graff and Maculla 


(25). 
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Isolation of Barium Salt of ATP —TVhe trozen muscle was used for the 
isolation of the barium salt of ATP aceording to the procedure of LePage 
26). An average yield of 1380 mg. from LOO gm. of muscle was obtained. 

( lyef Calculated. N 8.2, P 10.9 


Found. Experiment I, N 8.4, P 10.0 


The analytical data for Experiment [ indicate a nitrogen to phosphorus 
mole ratio of 5.0:2.7, or a product representing 70 per cent ATP and 30 
per cent adenosine diphosphate. For Experiment I] the N:P ratio is 
5.0:2.8. 

In preliminary experiments magnesium sulfate anesthesia did not quiet 
the rats satisfactorily and low vields of ATP were obtained. With the 
preliminary urethan anesthesia, followed by magnesium sulfate, the animals 
succumbed without convulsions and excellent yields of ATP were obtained. 

The muscle residue, after the extraction of the ATP by cold trichloro- 
acetic acid, Was used for the preparation of nucleie acid-free protein. <A 
portion of the residue was extracted by boiling with 5 per cent trichloro- 
acetic acid for 380 minutes. The solid was recovered by centrifugation and 
the extraction Was repeated. The nitrogen of this residue was obtained by 
Kjeldahl digestion and was used for the determination of the N® content 
of muscle protein. 

lsolation of Allantoin -Allantoin was isolated from urine by a combina- 
tion and modification of the methods of Schaffer and Greenbaum (27) and 
Wiechowski (28). 50 ce. of diluted urine were placed in a 250 ec. centri- 
fuge tube and 35 ee. of 35 per cent phosphotungstie acid, which must be 
earefuily purified preferably by reervstallization from ether (29), were added. 
The precipitate was settled by centrifugation and the supernatant was 
tested for complete precipitation. To the solution were then added 35 ce. of 5 
percent basic lead acetate solution, and the tube was again centrifuged and 
again tested for complete precipitation by this reagent. The supernatant 
Wasseparated by decantation and mixed with 35 ec. of 5 percent sulfuric acid. 
It was again centrifuged and the solution filtered to remove the last trace 
of lead sulfate. The solution was then neutralized to litmus with 5 per 
eent sodium hydroxide solution and the allantoin was precipitated by the 
addition of 100 ee. of a solution containing | gm. of mercuric acetate and 
lO gm. of sodium acetate. After standing overnight the floeculent pre- 
mipitate of mercury allantoin was collected by centrifugation and washed 
three times with water. The solid was dried 7n vacuo over P2O;. About 0.6 
gm. of the dried material was usually obtained from 100 cc. of the diluted 
urine. The solid was ground up with water in a mortar and decomposed 


*Picric acid, KA = 9.25. 
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with hydrogen sulfide. After the removal of mercuric sulfide, the solution 
was aerated and was then concentrated 7m racuo to about 2 to 5 ce. The 
allantoin, which crystallized when the solution was cooled in the refrigerator 
overnight, was dissolved in the minimum amount of hot water, treated with 
Darco, filtered, and again allowed to crystallize. The reerystallization was 
repeated and the prismatic crystals were dried in vacuo. Amounts vary. 
ing from 40 to 129 mg. per 100 ce. of diluted urine were obtained. Ip 
Experiment I two portions vielded samples of allantoin amounting to 129 
and 112 mg. 
C,H.O;N;. Calculated. N 35.5 

Found. Experiment 1, N 35.7 

“ II, 35.9 

III, ** 36.0 


Isolation of Urea and Ammonia— Duplicate samples of the urea were 
isolated as the dixanthydrol derivative as described by Fosse (30). 2 ee, 
of urine were dissolved in 24 cc. of water and to this solution were added 
50 cc. of glacial acetic acid, followed by 5 ec. of a freshly prepared 5 per 
cent solution of xanthydrol in methyl alcohol. In a few minutes a silvery 
precipitate separated. After half an hour 10 cc. of water were added and 
the suspension was left overnight. The precipitate was collected and dried 
in vacuo. The dixanthyvdrol urea was then recrystallized three times from 
glacial acetic acid afte: treatment with charcoal. 


Calculated. N 6.7 
Found. Experiment’ I, N 6.9 
6.2 


The ammonia was recovered from 5 cc. samples of the filtered urine 
auccording to the permutit method of Folin and Bell (31). The suspension 
of ammonia-permutit was decomposed with NaOH and the NH, was col- 
lected in HC tor isotope analyses. 

Degradation of Guanine Isolated from Nuclere Acids —Vhe procedure ot 
Strecker (32) for the degradation was simplified as follows: A 41 mg. sam- 
ple of guanine sulfate was suspended in 3 ee. of concentrated hydrochloric 
acid. To this were added in one portion 35 mg. of potassium perchlorate. 
The solution was stirred and let stand for 5 minutes and then placed in a 
water bath at 50-60° for 35 minutes, after which time all of the solid mate- 
rial had gone into solution. The solution was then evaporated to dryness 
under diminished pressure and the residue extracted with two 10 ce. por- 
tions of absolute ethanol. After filtration, the solution was evaporated to 
4ec. 3 cc. of water were added and the whole was evaporated to 1 ce. 
The solution was filtered and 0.5 ec. of saturated picrie acid was added. 
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After standing overnight in the ice box 18 mg. of guanidine picrate sepa- 
rated. Reerystallization from water yielded 10 mg. of pure product. 


C;HsO;Ne. Calculated, N 29.1; found, N 29.0 


In a pilot experiment the degradation of guanine to xanthine by the 
procedures described (9, 24) gave a product decomposing above 150° 
(guanine decomposed above 360°). 


CysH,O.N«. Calculated, N 36.8; found, N 36.6 


Degradation of 26 mg. of the guanine sulfate isolated in Experiment I 
yielded 13 mg. of xanthine decomposing above 150°, all of which was uti- 
lized for isotope analyses and no elementary analysis was obtained. 
Degradation of Allantoin—The allantoin isolated in Experiment I was 
degraded to hydantoin according to the procedure described in a previous 
communication (33). The atom per cent excess N™ in the allantoin was 
1.70; the hydantoin cbtained from it contained 1.71 atom per cent excess. 


Calculated, N 28.0; found, N 28.2 
DISCUSSION 

As a result of these experiments demonstrating incorporation of ingested 
adenine into nucleic acids, the concept that dietary purines and pyrimidines 
in general are not precursors of the tissue nucleic acids must be modified. 
However, the circumstance that ingested guanine, as well as uracil and 
thymine (9), are not incorporated as structural components of the tissue 
nucleic acids still remains an anomaly. 

There must be at least two pathways for the utilization of dietary ade- 
nine, since, in Experiment I, the per cent incorporation of dietary adenine 
into allantoin was much greater than the per cent incorporation into the 
nucleic acid purines. Thus, as in the case of guanine, a pathway exists 
for the direct oxidation of adenine to allantoin without prior incorporation 
into the nucleic acids. 

As is shown by the results of experiments I and II, an increase in the 
amount of dietary adenine available increases the incorporation of it into 
the purines of the nucleic acids. However, the ratio between the nucleic 
acid-adenine and the nucleic acid-guanine arising from ingested adenine was 
the same in the two experiments. Thus the step of conversion of adenine 
to guanine is independent of the amount of dietary adenine being utilized 
for nucleic acid synthesis. 

The small replacement of the adenine of the VPP of muscle would appear 
to rule out the possibility of ATP being an intermediate in the incorpora- 
tion of adenine into nucleic acids. This behavior of the adenine moiety 
parallels the small uptake of nitrogen from administered isotopic ammonia 
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(5) and the very slow exchange, with inorganic phosphate, of the phos- 
phate esterified with the ribose (34,35). It may be that the disproportion- 
ately greater incorporation of adenine into ATP when the larger amount 
Was present in the diet represents an alteration of « normally verv slow 
turnover of the ATP skeleton and that this phenomenon is related to the 
toxicity of large doses of adenine. 

The finding that adenine is transtormed into guanine necessitates a new 
appraisal of the relative réles of the two purines. Perhaps only adenine js 
svnthesized in vivo from smaller precursors and all other purines are derived 
from adenine. In connection with this it is interesting to note that among 
x-ray-induced mutants of Neurospora crassa forty-five adenineless mutants 
but no guanineless mutants have been detected (36), although one quanine- 
less mutant of the mold Ophiostoma multiannulatim has been obtained (37), 
If the synthesis of adenine from various small precursors involves many 
stages While the conversion of adenine to guanine requires tew, the oppor- 
tunity to destroy a gene controlling a step in the synthesis of adenine is 
much greater. 

The conversion ot adenine to guanine with the retention of the isotopic 
nitrogen in the | and 8 positions of the purine ring implies retention of the 
intact purine ring and changes only in the substituents in the 2 and 6 
positions. If free purines are involved in this transformation of adenine 
to nucleic acid guanine, guanine itself cannot be an intermediate and like- 
wise xanthine, which is presumably an intermediate in the 7 ero oxidation 
of the ingested guanine to allantomn, ean be eliminated as one of the possible 
intermediates. 

On the other hand it is quite possible that the conversion of adenine to 
guanine involves derivatives of the two purines; for instance, it may be that 
adenine is first transformed into its nucleoside or nucleotide, which is then 
converted to the corresponding guanine derivative and both may be used 
for nucleic acid svnthesis. Adenosine so formed would also be a logical 
precursor for the synthesis of ATP. Tf labeled guanosine were available, 
it would be interesting to determine whether this compound would enter 
into the structure of the nucleie acids, and experiments on the svuthesis of 
labeled guanosine are under way at this time. 

It is conceivable, however, that adenine in the nucleic acid molecule may 
be transformed 7m sifu into guanine and that guanine, when liberated trom 
the nucleic acid may only be degraded to its end-products. Recent em- 
phasis (838-40) upon possible deviations from the occurrence of the two 
purines ina til ratio in nucleic acids and the demonstration (41) of a 
phosphorvlase capable of the direct removal of guanine from a nucleic acid 


are In neeord with such a thought. 
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to Alice Angelos tor the analyses reported herein. 


SUMMARY 


Adenine contaimmg an excess of isotopic nitrogen in positions 1 and 3 
of the purine ring has been synthesized. 

The incorporation of ingested adenine into the tissue nucleie acids and to 
a smaller extent into the adenosine triphosphate of muscle has been shown 
to occur In the rat. 

The role of adenine as a metabolic preeursor of nucleic acid guanine has 


heen demonstrated. 

The observation that dietary guanine is not at all uti‘ized for nucleie acid 
synthesis has been confirmed. 

Evidence that adenine and guanine, either free or as components ot 
nucleic acids, are not precursors of pyrimidines was obtained. 
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Several reports are available which show that when relatively large 
amounts of L- or DL-tryptophan are fed to animals a marked rise in the 
urinary excretion of nicotinic acid, N'-methylnicotinamide, or both occurs 
(1-8). Other work with rats and chicks fed diets containing corn, gelatin, 
or other trvptophan-deficient proteins and low in nicotinic acid suggested 
that components of the diet other than tryptophan may markedly influence 
the rate of growth (S-11). Specifically the type of protein and carbohy- 
drate in the diet apparently alter the ability of the animal to utilize the 
dietarv tryptophan efficiently as a source of nicotimie acid or affect the 
intestinal svnthesis of nicotinic acid. Further, recent studies have re- 
vealed that vitamin Be-deticient animals cannot effectively convert trypto- 
phan to nicotinic acid and its derivatives (12, 13). The present study was 
conducted to obtain further information on the interrelationship of trypto- 
phan and nicotinic acid, with the main emphasis on the effect of the level 
and kind of protein and of carbohydrate on the rate of growth and urinary 
excretion of nicotinic acid and N'-methylnicotinamide. 


EAPERIMENTAL 


Studies with Rats -Weanling albino rats were used and fed the experi- 
mental diets for a period of 4 weeks. The animals were housed in single 
eages and food and water were supplied ad libitum. Urinary collections 
were made during the 3rd to 4th weeks for successive 2 or 3 day periods. 
The urine trom two rats fed the same ration was pooled for each period of 
collection. Within any one experimental series, therefore, collections 
were obtained from at least four rats which comprised two pooled collec- 
tions. In all cases collections were made from the experimental groups in 
each series at the same time in order to obtain data for comparable periods 
forall groups. ‘The methods of analysis to determine the urinary excretion 
of nicotinic acid, N'-methylnicotinamide, and tryptophan were the same as 
were described in previous work (4, 12). 

* The technical assistance of Helen Keene and Patricia Sparks is gratefully ac- 


knowledged. Certain phases of this work were supported by grants from the United 
States Public Health Service and Swift and Company. 
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The basal diet used was composed of (in per cent) purified casein 12, 
Salts [IV (14) 4, corn oil 4.7, fortified cod liver oil 0.3, evstine 0.3, sucrose 
78.7, and the following B vitamins per 100 gm. of ration: thizamine 250 y, 
riboflavin 300 y, pyridoxine 250 y, calcium pantothenate 2 mg., choline 
100 mg., inositol 100 mg., biotin 10 y, and svnthetic pteroviglitamic seid 
(folic acid) 200 y. Control groups were ted in addition | mg. of nicotinic 
acid per 100 gm. The effect of variations in the protein level or kind of 
carbohydrate in the basal or control diets on the growth rate and urinary 
excretion was studied and in each case the substitutions in the diet were 
made for an equal weight of sucrose. The effeet of feeding diets containing 
12 per cent casein, 12 per cent casein and 12 per cent gelatin, 1S per cent 
casein, or 24 per cent casein with either sucrose or cerelose as the carho- 
hydrate and with and without nicotinie acid on the rate of growth is shown 


| 


effect of Amount and Kind of Protein and Carbohydrate in Dict on Growth Rate of 
Rats Receiving Nicotinic Acid Deficient or Supplemented licts 


(,rowth rate, gm. per wk.” 


Nicotinic acid added 


Protem seurce 


None lime. per 100 on 
Sucrose | Cerelose Sucrose ( erelose 
16 (12 33 (12 23 (12 31 (12) 
12%, 124, velatin 6 (12) (s we (8 


* The number of rats in each group is given in parentheses. 


in Table tl. All experiments were repeated at least once and in most cases 
twice. Four rats were used in each group in each series and litter mates 
were distributed as equally as possible among the experimental groups. 
Krom the data presented in Table [, it can be seen that the growth rate of 
rats increased progressively when 12, 1S, and 24 per cent casein was ted 
with sucrose as the carbohvdrate and no nicotinie acid added. The 


growth rates were considerably more rapid, however, when cerelose Was 


ted instead of sucrose with 12 or IS per cent casein, ‘The growth rates tor 


rats fed sucrose or cerelose with 24 per cent casein were essentially the same. 
The addition of nicotinic acid increased the rate of growth with either 
cerelose or sucrose when 12 per cent casein was fed, only slightly with 
sucrose When IS per cent casein was fed, and not at all when cerelose was 


fed with IS per cent casein or when cerelose or sucrose Was ted with 24 per 


cent casein. The difference noted between the groups fed cerelose and 
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sucrose and 12 per cent casein is as great as has been observed with the use 
of these carbohydrates in rations containing large amounts of corn (10). 

The rats fed 12 per cent casein and 12 per cent gelatin with either cere- 
lose or sucrose grew at a slow rate unless nicotinic acid was added. Al- 
though the rats fed cerelose were somewhat superior in appearance to those 
fed sucrose, the difference in appearance as well as in the rates of growth 
was not marked. Several of the animals fed these diets exhibited a brown- 
ish red exudate particularly around the head, similar to that observed for 
animals fed rations high in corn or tryptophan-deficient proteins (8, 10). 
It is apparent, therefore, that the addition of gelatin as compared to an 
equivalent amount of carbohydrate increased the dietary requirement for 
nicotinic acid even when the tryptophan level was the same in both diets 


Il 


Effect of Amount and Kind of Protein and Carbohydrate in Diets Devoid of Added 
Nicotinic Acid on Metabolism of Nicotinic Acid by Rats 


Urinary excretion of nicotinic | Urinary excretion of 

Sucrose Cerelose Sucrose Cerelose 
12°) casein 7.6 (S) IS.4 (S) 244.3 (8) 32.6 (8) 
1s”; 9.3 (9) 21.6 (S) 31.0 (9) 160 
15.9 (11) 30.8 (5) 156 (12) 062 
> + 126, gelatin 7.3 (7) 13.2 (6) 27.4 (7) 34.3 (8) 


* Values expressed as micrograms excreted per rat per day. The number of deter- 
minations is given in parentheses. Each determination was made on the pooled 
collections from two rats for a 2 or 3 dav period (see the text 


(12 per cent casem and 12 per cent gelatin as compared to 12 per cent 
casein). 

Data obtained on the amounts of meotime acid and N'-methyvinicotin- 
amide excreted in the urine are presented in Table Il. A> progressive 
increase in the amounts of both compounds excreted was observed as the 
cusein level was increased. The greatest increase was observed when the 
casein level was increased trom IS to 24 per cent. It should be pointed 
out that no nicotinic acid was added to any of these diets. Considerable 
Variation Was observed, particularly in the amounts of N'-methyinicotin- 
amide excreted for the different series of experiments carried out. How- 
ever, collections were made simultaneously for the various groups that were 
compared (Table I1) and the relative values are assumed to be valid. 
For brevity all values obtained have been averaged. The growth rates ot 
the rats fed those diets which are limiting in mieotinie acid correlate well 
with the magnitude of the values for the urinary nicotinic acid compounds. 
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Similar results have been recently reported with the use of sucrose diets 
and varying levels of casein (8). 

These data are further evidence that the nicotinic acid nutrition of the 
animal is dependent on the protein (tryptophan) intake. ‘The kind of 
carbohydrate also influences the nicotinic acid nutrition of the animal, 
since a marked increase in the amounts of N!-methylnicotinamide and 
nicotinic acid excreted Was observed when cerelose Was used us the earbo- 
hydrate as compared to sucrose. This Was particularly apparent for the 
groups fed either 18 or 24 per cent casein. When additional gelatin was 
fed, no appreciable decrease Was noted in the urinary excretion of nicotinic 
acid or its methylated derivative as compared to when 12 per cent casein 
was fed, although when gelatin was fed a depression in the growth rate was 
observed. Other workers (10, 11) have shown that glycine inhibits the 
rate of growth of rats and chicks fed diets low in meotime acid. Since 
gelatin contains large amounts of glycine, it suggests that the glycine 
contributed by the gelatin is one of the causative factors. Glycine and 
presumably other amino acids may require more nicotinic acid for metabo- 
lism than an equivalent amount of carbohydrate. The metabolic mecha- 
nism by which this probable increase in the requirement is brought about 
has not been determined. 

To test the specificity of feeding tryptophan on the urinary excretion of 
nicotinic acid and N'-methylnicotinamide, the effect of feeding related 
compounds was investigated. No increase in the amounts of N'-methyl- 
nicotinamide or nicotinic acid excreted was observed when 100 mg. of 
tvrosine, 100 mg. of glutamic acid, and 200 mg. of pL-phenylalanine were 
fed per day. A slight rise in the excretion of N'-methylnicotinamide was 
noted when indole was fed, but no increase was noted in the amount of 
nicotinic acid excreted. The slight increase in urinary N'-methyl!nicotin- 
amide excretion Was apparently due to interference of indole with the 
method for determining N'-methylnicotinamide (15). It appears, there- 
fore, that of the amino acids tryptophan Is quite specific with respect to 
increasing the urinary excretion of nicotinic acid and N'!-methylnico- 
tinamide. 

One possible explanation for the favorable etfects of cerelose in compari- 
son to sucrose is that the cerelose contributed significant quantities of 
nicotinic acid to the diet. Microbiological analyses of the rations for two 
of the experimental series failed to demonstrate any greater amounts of 
nicotinic acid in cerelose than in sucrose. Further, it was recognized that 
the water of crystallization of cerelose (glucose monohydrate) increased the 
protein percentages of the rations slightly in that the water of crystalliza- 
tion Was not taken into account in preparing these rations. ‘This does not 
appear to be a major consideration, however, since animals fed 18 per cent 
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casein With sucrose grew at a slower rate than animals receiving only 12 
per cent casein with cerelose (‘Table 1) and the values for the urinary ex- 
cretion of nicotinic acid and N'-methylnicotinamide were also in accord 
with the growth data (Table II). It seems likely, therefore, that cerelose 
favors the intestinal synthesis of nicotinic acid or its precursors to a far 
greater extent than sucrose. The apparent effect, therefore, of the kind 
of carbohydrate on the microbial synthesis of nicotinic acid or related sub- 
stances is at least as great as that observed for riboflavin and thiamine 
(16-18). 

Further evidence on the effect of the level and kind of protein on the 
growth rate and the urinary metabolites of nicotinic acid was obtained. 
The effect of feeding tryptophan was determined on the growth rate and 


TaB_e Ill 


— of Tryptophan Ingestion on Growth and Nicotinic Acid Metabolism of Rats Fed 
Diets Containing 12 Per Cent Casein and 12 Per Cent 
Gelatin without Nicotinic Acid 


| N&Methyl- 
Regimen | ~ Gain per day | | 
| | | | day 
| | gm. | 
| 7.0 | 24.6 
“ 35-38 0.3 21.3 
‘* + tryptophan* | 35-38 | 1.0 33.7 375 
{2-44 0.8 10.0 | 22.9 
tryptophan’ | 4244 | 3.5 179 2590 


- - — — — 


. 100 1 mg. of DL ieyetenhen per rat per day. This ¢ sequence af: treatment was 
carried out with one series of rats fed the basal diet for a previous period of 35 days. 
Comparable rats in the same series were continued as controls. 


urinary excretion of nicotinic acid and N'-methylnicotinamide when a diet 
containing 12 per cent casein plus 12 per cent gelatin was fed for a period of 
38 days (Table III). Animals that were fed tryptophan immediately 
resumed a rapid rate of growth and also excreted large amounts of nicotinic 
acid derivatives. It was demonstrated, therefore, that even when animals 
were fed a diet of this type a prompt and large increase in the excretion of 
these compounds occurred when tryptophan was added to the diet. The 
apparent conversion, therefore, of tryptophan to nicotinic acid was not 
impaired. An extension of the work with this and other diets showed 
that « response to feeding tryptophan oecurred when varying levels of 
easein were fed (Table IV). The increase in the amounts of N'-methyl- 
nicotinamide and nicotinic acid excreted occurred more slowly, however. 
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when 12 per cent casein and 12 per cent gelatin were fed than with the use 
of casein diets alone (see also Vable I]]). The urinary values for nicotinic 
acid and N'-methyinicotinamide appeared to be higher when the 
tryptophan was fed as the free amino acid than when an equivalent amount 
was fed as casein (Tables I] to IV). This observation suggests that other 
amino acids in the additional casein and in the gelatin may decrease the 
amount of nicotinic acid excreted as compared to the effect when 
tryptophan only was fed. This may occur either by increasing the amount 
of nicotinic acid required to metabolize the increased quantities of amino 
acids ingested or by reducing the intestinal svnthesis of nicotinic acid, or 
both. 


TaBLe IV 


lrinary Excretion of Nicotinic Acid and N'-Methylnicotinamide by Rats 
Receiving Various Diets before and after Feeding Tryptophan* 


Nicotinic acid excreted Ni Methylnicotinamide 
niitnial per day excreted per day 
Before After Before After 
Y 
12°, casein 4.4 61.0 11.5 1200 
18% 6.1 19.3 15.6 S47 
290% 4.2 53.8 37.4 
12% + 12% gelatin 6.3 33.3 13.3 


* 100 mg. of pL-tryptophan were fed per rat per day. The values given for trypto- 
phan feeding are an average for the first 3 days of feeding. 

+ No nicotinie acid added. 

t These values are for the second 3 days that tryptophan was fed (see also Table 


earlier work (1-8) which demonstrated that feeding tryptophan mark- 
edly increased the urinary excretion of mieotinic acid and N'-methvl- 
nicotinamide was largely done with diets adequate in protein.  Kesults 
obtained on the amounts of apparent free tryptophan excreted in the 
urine (19) showed that a very small amount of that ingested was excreted. 
Also, the excretion of certain other amino acids (phenylalanine, arginine, 
histidine, and threonine) was the same for animals receiving the gelatin 
or casein diets (20). As in earlier work (21), no difference was noted in 
the amounts of tryptophan excreted when cerelose or sucrose Was used as 
the carbohydrate. 

Studies with Mice and Cotton-Rats— Weanling albino mice and cotton- 
rats (Szqgmondon hispidus hispidus) were used to obtain some comparative 
information. Studies were conducted with sucrose diets only. Mice 
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fed 12 per cent casein and 12 per cent gelatin without nicotimie acid grew 
at arate of 1.1 gm. per week (3 week period) and animals receiving nicotinic 
acid grew at a rate of 2.6 gm. per week. Animals fed 24 per cent casein 
without nicotinic acid grew at a normal rate (3.6 gm. per week). 

Preliminary studies with cotton-rats revealed that animals receiving 12 
per cent casein without nicotinie acid grew at a rate of 1 gm. per week, 
and when nicotinic acid was fed the growth rate was 4 gm. per week. 
When IS per cent casein was fed, animals grew at a rate of 3.6 gm., and 6.1 
gm. per week when nicotinic acid was added. No difference was noted 
when nicotimie acid was added to diets containing 24 per cent casein. Thus, 
the dietary requirement of the cotton-rat for nicotinic acid reported 
previously (22) has been confirmed. 18 per cent casein was used in both 
studies. ‘The cotton-rat and mouse, therefore, like the white rat, do not 
need additional micotinie acid when 24 per cent casein is fed and can also 
utilize trvptophan as a precursor of micotimie acid (4, 12). 


DISCUSSION 


From the literature available it appears definite that tor many species 
tryptophan ted either as the free amino acid or as a protein serves as a 
precursor for the vitamin nicotinic acid. ‘The very rapid increases noted 
in the amounts of nicotinic acid and N'-methvinicotinamide excreted when 
tryptophan is fed and the rapid reduction in the amounts excreted when 
tryptophan is removed from the diet clearly indicate that the transforma- 
tion of tryptophan to micotinie acid occurs within the tissues of the animal. 
Just how this oceurs is not clear and final proof for this conversion remains 
tobe obtained. Vitamin Be has been shown to be necessary for this con- 
version, since when tryptophan was fed to animals deficient In vitamin Be, 
no appreciable increase in the urinary excretion of nicotime acid or N!- 
methyvinicotinamide occurred (12, 13). When vitamin Beg is added to the 
diet of animals deficient in vitamin Be, an increase in the exeretion of the 
nicotinie acid compounds oecurs with the ingestion of added tryptophan. 
In the present work when rats were ted low protein diets or diets containing 
gelatin with tryptophan added, lirge increases were noted in the quantity 
of micotime acid derivatives the urine. Whether only vitamin 
Be-deficient animals are unable to convert tryptophan to nicotinic acid 
remains to be determined. 

The marked influence noted with cerelose as the carbohydrate in the diet 
us compared to sucrose and the results obtained with gelatin show that 
factors other than the amount of tryptophan and vitamin Bg ingested are 
involved. The most plausible explanation is that cerelose favors the 
microbial svnthesis of nicotinic acid, thereby sparing the limited supply of 
tryptophan in low protein rations for uses by the body other than as a 
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source of nicotinic acid. Other factors not at present recognized as being 
involved in this interrelationship may be contributed by the cerelose and 
not by sucrose. At any rate, cerelose does not appear to contribute the 
‘“‘nellegragenic”’ factor (238, 24), postulated as being present in corn, to the 
diet. The addition of gelatin to the diet counteracts the beneficial effects 
noted with cerelose (Tables I and II). The influence of gelatin appears to 
be similar to that observed with corn, acid-hydrolyzed proteins deficient 
in tryptophan, and glycine. It may be quite possible that less dietary 
nicotinic acid is needed for optimum growth when cerelose is fed with 
gelatin than when sucrose is fed. 

The vanous interrelationships that have been demonstrated suggest 
many opportunities for further work. More rigorous proof is needed for 
the exact reactions involved in the pathways of metabolism of tryptophan 
and nicotinie acid. 


SUMMARY 


1. The effect of feeding diets containing graded levels of casein and 
different carbohydrates without added nicotinic acid on the rate of growth 
und urinary excretion of nicotinic acid and N'-methvInicotinamide has been 
studied. 

2. Animals receiving cerelose diets with 12 or 18 per cent casein grew 
at a more rapid rate than animals receiving sucrose. ‘The amounts of 
nicotinic acid and N'-methylnicotinamide excreted were in accord with the 
growth data. 

3. The ingestion of diets containing 24 per cent casein allowed maximum 
growth, since no increase occurred with either sucrose or cerelose as the 
carbohydrate when nicotinic acid was added to the diet. 

4. The addition of 12 per cent gelatin and 12 per cent casein to diets 
containing sucrose or cerelose depressed the rate of growth in the rat, 
mouse, and cotton-rat. ‘This depression could be counteracted by feeding 
either nicotinic acid or tryptophan. 

5. When tryptophan was added to diets containing varying quantities of 
protein, a marked rise in the urinary excretion of N'-methy!nicotinamide 
and nicotinic acid occurred in all cases. 
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ACID IN URINE IN THE PRESENCE OF SUGAR 


By SACHCHIDANANDA BANERJEE, NARESH CHANDRA GHOSH, anv 
GANGAGOBINDA BHATTACHARYA 


From the Department of Mitra Research in Diabetes, Calcutta School of Tropical 
Medicine, Calcutta, India) 


(Received for publication, November 5, 1947) 


It has been reported that intravenous injection of nicotinic acid produces 
hypoglycemia in normal humans (1-4). .\ definite improvement in the 
carbohydrate tolerance of diabetic patients after administration of nicotinic 
acid has also been reported (4). It was therefore of interest to study the 
urinary excretion of nicotinic acid in diabetic patients. 

In the chemical estimation of nicotinic acid in urine by NK6énig’s reaction 
(5) the urine ts first digested either with acid (6) or with alkali (7) in a water 
bath to convert derivatives of nicotinic acid excreted in the urine to nicotinic 
acid. The color of the urine after digestion interferes with the estimation 
of nieotinie acid and different workers tried to remove the color by different 
methods. While Melnick and Field (6) and Swaminathan (7) used char- 
coal to remove the interfering pigments, Perlzweig, Levy, and Sarett (8) 
and Dann and Handler (9) employed Llovd’s reagent. Wang and Kodicek 
10), on the other hand, treated the digested urine first with isobutanol, 
which removed some of the colors, and the remaining pigments were sub- 
sequently oxidized with potassium permanganate. Recently Swaminathan 
used zine hydroxide to remove the color (11). The urine of diabetie pa- 
tients, however, after digestion with acid or alkali gave a highly colored 
extract. “The interfering color could not be removed by any of the methods 
so far used (6-11). It seemed that most of the color produced after diges- 
tion Was due to charring of the sugar present in the urine. In the present 
paper a method for the estimation of micotinie acid in the urine containing 


sugar has been described. 


Removal of Sugar in Cringe by Treatment with Permanganate— Fresh solu- 
tions of glucose of different strengths were acidified with concentrated 
hydrochloric acid and treated in a water bath with a 10 per cent solution 
of potassium permanganate until the solution gave no test for sugar when 
hoiled with Benedict’s reagent. It was observed that approximately 16 cee. 
ob a 1O per cent solution of potassium permanganate were required to 
oxidize | gm. of glucose. Urine containing glucose also required the same 
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amount of permanganate solution as the pure solution of glucose of similar 
strength. When the sugar in the urme was oxidized with permanganate 
in an alkaline medium, colloidal manganese oxide was formed which was 
difficult to remove by centrifugation, and when the urine containing the 
manganese oxide was digested in the water bath, the manganese oxide was 
found to destroy the nicotinic acid, and added nicotinic acid could not be 
recovered. Sugar in the urine was therefore oxidized by permanganate 
in an acid medium. 

Removal of Manganese in Urine after Treatment with Permanganate— 
When the permanganate-treated urine was digested in an alkaline medium, 
the manganese hydroxide formed did not destroy the nicotinic acid, but it 
was found dificult to remove and wash the bulky precipitate of manganese 
hydroxide either before or after the digestion. It was therefore thought 
desirable to remove the extra manganese in the urine before digestion. The 
manganese present in the urine was removed as phosphate by treatment 
with disodium hydrogen phosphate and NaOH. Crystals of disodium 
hydrogen phosphate were added to the urine treated with permanganate 
and heated in a water bath until the erystals went into solution. 0.35 gm. 
of disodium hydrogen phosphate was necessary for 1 ce. of 10 per cent 
permanganate. The hot solution was treated with 40 per cent sodium 
hydroxide drop by drop until the precipitation of manganese phosphate 
was complete. The precipitate was removed by filtering through a Biich- 
ner funnel under suction and washed twice with 10 ec. portions of distilled 
water. The filtrate was then ready for digestion. 

Digestion of Sugar- and Manganese-Free Urine Filtrate and Removal of 
Interfering Color—In order to convert nicotinamide, nicotinurie acid, and 
N'-methylnicotinamide into nicotinic acid the sugar- and manganese-free 
urine filtrate was put into a 250 ec. beaker. The solution was made alkaline 
with 40 per cent sodium hydroxide so that the strength of the alkali was 4 
per cent and was digested in a boiling water bath for 45 minutes. After 
digestion the solution was neutralized with concentrated hydrochloric acid 
and an extra 3 cc. of acid were then added. The acidified solution was 
heated in the boiling water bath and treated with 10 per cent permanganate 
drop by drop until the solution became light vellow in color. The solution 
was then adjusted to pH 7 with bromothymol blue as an indicator and was 
made up to a definite volume. Phosphate buffer of pH 7 was then added 
to the solution in the proportion of 6 ec. of buffer per 10 ce. of the solution. 
A white precipitate appeared and the solution became almost colorless. 
The precipitate was filtered off and an aliquot of the filtrate was used for 
the colorimetric estimation of nicotinic acid. 

Colorimetric Estimation of Nicotinic Acid—-Nicotinic acid in the filtrate 
was then estimated according to the method of Swaminathan (7), slightly 
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modified. 16 cc. of the filtrate were put into a 25 ec. stoppered graduated 
eylinder and into a similar cylinder was put a dilute solution of nicotinic 
acid, 1 cc. containing 10 y of nicotinic acid. 6 ec. of phosphate buffer of 
pH 7 were added and the volume was made up to 16 ce. To each of the 
eylinders was added 1 ce. of a 4 per cent alcoholic solution of aniline, fol- 
lowed by 8 ec. of a solution of eyanogen bromide prepared freshly by de- 
eolorizing saturated bromine solution with 10 per cent sodium cyanide. 
The contents of the evlinders were shaken, allowed to stand for 2 minutes, 
and the yellow color which developed was then compared in a visual colori- 
meter. Sometimes the color of the urine filtrate was so light that a blank 
correction Was not necessary. In case there was any residual color, the 
urine filtrate was treated exactly as described above, without the addition 


TABLE | 
Recovery of Nicotinic Acid Added to 25 Cc. of Urine Containing 5 Per Cent Glucose 


Urine sample No. | Nicotinic acid added | Nicotinic acid estimated | Nicotinic acid recovered 
7 | per cenit 

la 0 25.8 

Ib 30 55.5 | 99.0 
le 40 64.0 95.5 
2a 0 50.0 | 

2b 15 63.5 90.0 
2c 25 | 73.0 92.0 
2d 10 59.3 93.0 
3a | 0 50.0 

3b 20 69.6 98.0 


of cyanogen bromide, and compared with a standard nicotinic acid solu- 
tion treated with evanogen bromide. 

Estimation of Nicotinic Acid in Urine in Presence of Sugar—Sugar in the 
urine is quantitatively estimated with Benedict’s reagent. To 25 ce. of 
urine in a 250 ec. beaker are added 8 ec. of concentrated hydrochloric acid. 
The beaker is heated in a water bath and is treated with 10 per cent potas- 
sium permanganate until all the sugar is oxidized. 1 gm. of sugar requires 
approximately 16 cc. of a 10 per cent solution of potassium permanganate. 
The manganese present in the solution is removed as phosphate by treat- 
ment with disodium hydrogen phosphate and NaOH. The solution is then 
digested in a water bath for 45 minutes with 40 per cent NaOH so that the 
strength of the alkali is 4 per cent. The interfering color is removed by 
making the solution acidic with concentrated hydrochloric acid and treat- 
ing with permanganate solution until the solution becomes almost colorless. 
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If the volume of the resulting solution is large, it is concentrated in a boil- 
ing water bath. ‘The solution is adjusted to pH 7, phosphate buffer js 
added (6 cc. of buffer per 10 ec. of the solution), and the mixture filtered. 
An aliquot of the filtrate, depending on the amount of nicotinic acid present, 
is taken tor the colorimetric estimation of nicotinic acid. 

Recovery of Nicotinic Acid Added in Urine Samples--Nicotinic acid ip 
different amounts was added to 25 ce. samples of urine containing 5 per 
cent glucose. Kstimation of nicotinic acid in the samples of urine was 
carried out to learn how far this procedure could recover the added nico- 
tinic acid in the urine. 90 to 99 per cent of added nicotinic acid could 
be recovered by the above method. The results are shown in Table I. 

24 Hours Urinary Exerction of Nicotinte Acid by Diabetic Patients—24 
hour urines of eight diabetic patients were collected in bottles containing 
20 ec. of a 50 per cent solution of sulfuric acid. Nicotinic acid in these sam- 
ples was estimated according to the method described above. Diabetic 


TaB_e Ii 
Excretion of Nicotinic Acid in Urine by Diabetic Patients (Males ) 

aie | | Nicotinic acid | — | Nicotine acid 
Patient | Age excretion Patient Age ere retion 
yrs. mg. perday yrs. mz. per day 

S. M. 60 2.8 J.C. D. 48 1.5 

Ss. B. 30 4.8 R. K.G. 1.3 

S. N. B. 47 2.6 R. B.S. 10 3.6 

51 9.2 M. M. 45 5.6 


patients excreted 1.3 to 5.6 mg. of nicotinic acid per day. The results 
are given in Table II. 
DISCUSSION 


By preliminary treatment of urine samples containing sugar with per- 
manganate, not only the sugar but also some of the interfering colors were 
removed. When urme of normal persons or rabbits was treated with 0.5 
cc. of 10 per cent potassium permanganate in an acid medium and digested 
with alkali after removal of the manganese as phosphate, a lightly colored 
digest was obtained. This digest when treated with permanganate in acid 
medium became almost colorless. The method of estimation of nicotinic 
acid described in the present paper seems to be simplest of the existing 
chemical methods. 

The daily urinary excretion of nicotinic acid by diabetie patients was 
found to vary between 1.3 and 5.6 mg. It was shown by one of us (N. 
(*. G.) that normal healthy individuals excreted 1.4 to 5.3 mg. of nicotinic 


| 
{ 


BANERJER, GHOSH, AND BHATTACHARYA 4199 


acid in their daily output of urine (12). Wang and Wodicek (10) reported 
that normal healthy British subjects excreted 0.85 to 2.33 mg. of nicotinic 
aid per day. Nicotinic acid nutrition of diabetic patients, therefore. 
does not seem to he interfered with. 


SUMMARY 


1 A chemical method of estimation of nicotinic acid in urine in the 
presence of sugar has been described. 

2. The urine is first treated with permanganate, which removes sugar 
and some of the interfering colors. The manganese is removed as phos- 
phate and the sugar-free urine is digested with alkali. The digested urine 
is decolorized with permanganate and the pH of the solution is brought to 
7. After addition of phosphate buffer an aliquot of the solution is treated 
with aleoholic aniline and a solution of evanogen bromide. The resultant 
vellow color is compared with a standard nicotinie acid solution similarly 
treated. 

3. The urinary exeretion of nicotinie acid by eight diabetic patients has 
heen studied. ‘The diabetie patients have been found to excrete 1.3 to 5.6 
mg. of nicotinic acid per day. These figures compare well with the urinary 
excretion of nicotinic acid by healthy individuals. 


We are indebted to Dr. F. M. Frater of Hoffmann-La Roche, Ine., for 
the supply of meotime acid and to the Indian Research Fund Association 
for a research grant. 
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The aleohol-insoluble fraction from the water extract of tamarind seed 
meal, constituting 60 to 65 per cent of the husked kernel, has been de- 
scribed as a rich source of pectin (1-3). Although it forms a firm jelly in 
the presence of appropriate amounts of sugar and acid (1, 4) and has been 
suggested for commercial use as a substitute for pectin (5), it has been 
shown in preliminary communications by the authors (4, 6-8) and later by 
others (2,3, 9-11) that it differs fundamentally from fruit pectins. Pectins 
are Characterized by the presence of methyl ester groups and galacturonic 
acid units (12) with varying amounts of arabinose and galactose, presum- 
ably derived from associated araban and galactan, loosely attached to the 
molecule (13-15). On decomposition pectins also yield pectic acid, a prod- 
uct of definite chemical composition (16, 17), which is obtained either di- 
rectly (18) or, better, through the insoluble calcium salt (19, 20) after 
hydrolysis by mild alkali followed by neutralization with acid. This paper 
records the results of investigations on the nature of the polysaccharide 
fraction of tamarind seed which show how in all these respects it differs 
from pectins, a conclusion necessitating revision of the views held hitherto 
to account for many of the phenomena of pectin-sugar-acid jelly formation 
(21, 22). 


EXPERIMENTAL 


The results of analysis of decorticated tamarind seed meal are given in 
Table I. The testas, which formed 28.5 to 33 per cent of the whole seed, 
were rernoved from the kernel after parching with sand, light crushing, and 
winnowing. All determinations were carried out according to methods of 
the Association of Official Agricultural Chemists (23); the values for the 
polysaccharide were obtained by precipitation of the aqueous extract with 
SD per cent alcohol according to the method of Ghose and Krishna (1). 

The alcohol precipitate yielded 8.57, 8.71, and 8.82 per cent respectively 
of crude proteins, expressed in terms of the weight of the original seed meal; 
these accounted for nearly half the total proteins of the seed meal and 
therefore also for the surplus over 100 per cent in Table I. 

In view of the close protein-polysaccharide association (Table I), a frac- 
tionation study of the chief types of proteins in the seed meal appeared 
worth while. This was effected as follows: 
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20 gym. of the seed meal (Sample 1) were extracted by refluxing with 89 | 
per cent ethanol. ‘The residue from the extract after removal of alcoho! 
gave, on treatment with acidulated water or dilute alkali, a produet with 
0.22 gm. of total protem having certain of the characteristic properties of 
prolamins, which vielded hvdrolysis glutamic acid, proline, and 


ammonia. 
The residual seed meal atter extraction with aleohol was taken up in the 
cold in 2 liters of distilled water with a mechanical stirrer. A considerable 


part (S.1 gm.) of the polysaecharide and all of the albumins of the seed 
meal, amounting to 1.79 gm., were thus brought into solution; the latter 
could also be extracted with 5 per cent sodium chloride or 0.5 per cent sod. 


TABLE I 


Analysis of Tamarind Seed Meal 


Determinations Sample | Sample U1 Sample III 
per ceni per ceni Per cent 
Moisture... 12.04 11.30 
Ash, water-insoluble. 137 3.87 
water-soluble. 5.36 9.13 
total 
acid-insoluble 1.47 2 10 1.2 
Polysaccharide (alcohol ppt., ash-tree) AT 6.3.30) 
(‘rude proteins. 15.09 15.28 15.35 
Ether extractives SI 
(‘rude fiber 146 2) 
Sugars None None None 
Tannins.... 0.83 


Ash present as Na, WK, Ca, My, P. and Si. 


lum hydroxide and was completely precipitated on full saturation with 
ammonium sulfate. 

The hot water-insoluble portion of the seed meal contained 1.13 gm. ot 
glutelins insoluble in water, salt solution, and dilute aleohol, but soluble in 
dilute alkali. 

Thus the proteins of tamarind seed meal consist of Ll per cent prolamin, 
8.5 per cent albumin, and 5.65 per cent glutelin. It should, however, be 
stated here that these data were obtained by the application of conventional 
methods, no study having been given to the development of specific methods 
suitable for the extraction of the proteins of the tamarind seed. 

Extraction of Gel-Forming Constituent — \ convenient quantity of the seed 
meal (about 200 gm.) was made into a thin paste with the required quantity 
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of cold water and poured slowly into about 5 liters of boiling water, the 
heating being continued for about 20 minutes. The mixture was then 
filtered and the solution, after treatment with sulfur dioxide to decolorize 
it, Was concentrated to a small bulk zn vacuo and the gel-forming constituent 
precipitated by addition of an equal volume of aleohol. The product, when 
dried, has the following per cent composition: moisture 2.90, ash 3.98, 
albuminoids 14.83, crude fiber 0.96, ether extractives 1.79; the rest consti- 
tuted the polysaccharide fraction. 

Preparation of Pure Polysaccharide—For the purification from its asso- 
ciated proteins of the fraction obtained as above, several methods were 
tried with varying degrees of success. The proteins were not removed, or 
even appreciably diminished on repeated solution in water and reprecipita- 
tion With aleohol or by fraetional precipitation with aleohol of different 
strengths. Mild acid hydrolysis resulted in simultaneous degradation, to 
varving extents, of both the protein and polysaccharide constituents. The 
latter were also precipitated together from solution by treatment with pro- 
tein precipitants such as phosphotungstic and tannic acids or by full satura- 
tion With ammonium and sodium sulfates. Prolonged digestion with 
proteolytic enzymes like pepsin and papain removed only 30 to 35 per cent 
of the nitrogenous fraction. Allowing the extract to stand overnight or 
using centrifugation for coagulation of the proteins was also only partially 
successtul. 

The most effective method of removal of proteins was found to be by 
considerable dilution of the aqueous extract. Thus, when the seed meal 
extract was diluted with increasing amounts of water and let stand over- 
night, increasing amounts of albuminoids settled; the supernatant liquid 
could be concentrated in vacuo after centrifuging and the gel-forming con- 
stituent precipitated with alcohol. ‘Table I] gives a typical set of results. 

Dilution of the extract beyond 1:6 did not yield a purer product and, in 
various trials with different lots of seed meal, the purest product, obtained 
as above, vielded protein varying from 1.8 to 1.9 per cent. The jellies ob- 
tained with this preparation, in the presence of appropriate amounts of 
sugar and acid, had the maximum gel strength. 

Digicrences between Tamarind Seed Polysaccharide and Fruit Pectins—In 
spite of its undoubted property of forming sugar-acid jellies, the poly- 
saccharide of tamarind seed differs fundamentally from fruit pectins, as 
may be seen trom Table IIL; the purified pectins used for this study were 
prepared according to Savur and Sreenivasan (24). 

In addition to the foregoing, the polysaccharide, unlike pectins, forms 
copper, calcium, and barium salts which separate as flocculent precipitates 


'Savur, G. R., and Sreenivasan, A., unpublished work. 
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in alkaline medium. It also forms a highly viscous, gelatinous product 
when treated with small amounts of borax, resembling in this respect gum 
tragacanth. Pectic enzymes, such as pectin esterase and pectinase, which 
hydrolyze pectins to various cleavage products such as arabinose, galactose. 
and pectic or galacturonic acid (30-33), do not hydrolyze tamarind seed 
polysaccharide. On the other hand, taka-diastase, although without action 
on fruit pectins, hydrolyzes the polvsaecharide with the liberation of 4 


TABLe II 


Variations wn Protein Content with Dilution 


19> seed meal extract, times diluted. . 7 | 0 | 2 3 | 4 | 5 6 

Proteins in aleohol ppt., ©... | 10.24) 8.66 | 3.15 | 2.49 | 2.15 | 1.85 
i 


TABLE III 


Comparison of Tamarind Seed Polysaccharide with Fruit Pectins 


| Wood- Tamarind 
| pectin pectin pectin pectin | polysac 
charide 
percent  perceni perceni percent per 
Fresh basis Moisture 4 4.0 
| Ash 2.22, 1.05! 2.98 2.38! 3.05 
Ether extractives 0.83 | 1.87) 0.90) 2.13) 1.60 
- Aleohol ppt. fash-free) 91.76 | 94.14 | 96.37 | 95.32 | 97.50 
Albuminoids 0.66 1.16 2.76 | 1.87 | 1.85 
Crude fiber () | 0 0) | O | 
Dry basis Reducing sugars 12.50 20.72 | 22.40 | 26.82 0 
Calcium pectate (19 80.35 G1.72 91.96) 0) 
Pectic acid (16-18) 70.82 84.94 SL.47 80.16 
-Galacturonic acid (25 24.20 | 26.49 | 22.48 | 23.21 0 
Mucie acid (26) 24.70 | 28.81 28.08 | 29.22 | 18.84 
Uroniec aeid (27 62.200 OS.70 3.44 
Pentosans 


2.14 15.47 18.28 16.97 | 27.54 
ri 


Methy! ester groups (29) 10; 9.38 | 8.76) 9.07 | O 


* Cf. (23). The figures below in parentheses refer to bibliographic references. 


maximum of 86 per cent of reducing sugars. The purified product does 
not reduce Fehling’s solution except when hydrolyzed with acids, whereas 
fruit pectins, even when highly purified, readily reduce Fehling’s solution, 
evidently on account of the associated occurrence of free reducing sugars. 

It would appear therefore that classification of tamarind seed polysac- 
charide as a pectin would rest solely on its property of forming sugar-acid 
jellies (2, 3); such a classification, based purely on physical behavior and 
not on chemical constitution, would be haphazard and confusing (34), 


( 
| 
| 


G. R. SAVUR AND A. SREENIVASAN 505 


especially since the Committee on Pectin Nomenclature of the American 
Chemical Society has clearly defined the group designation for pectins (35). 
The polysaccharide cannot be classed as a mucilage either (10), for recent 
work has shown that substances commonly described as gums and muci- 
lages are in fact polyuronides and that their acidic properties are due to the 
presence of uronic acid; hence the name, ‘‘acidic polyuronides” sometimes 
given to them ((34) p. 122). In an earlier communication (6), the authors 
had referred to the polysaccharide as a gluco-galacto-xylan and there is 
little doubt that it is a ‘‘polyose”’ or “thexopentosan”’ (34), a nomenclature 
which is based on hydrolytic and oxidation studies referred to below. 
Products of Hydrolysis—aAs already stated, tamarind seed polyose does 
not reduce Fehling’s solution unless hydrolyzed by dilute acids. Reducing 


TABLE IV 
Acid Hydrolysis of Tamarind Seed Polyose and of Fruit Pectins 


Sugars, expressed as glucose 
‘i amarind seed polyose pple pectin | pectin pectin pectin ie 
Sulfuric acid, per cent 
| 2 | 4 | 4 | 4 | 4 ten 5 

min. | per cent percent | per cent | percent ~—s_ per cent per cent per cent 
0 0 0 2.5 | W4 | 20.2 | 1.8 | 29.9 
(22.5 28.4 8.8 | 19.2 26.1 16.8 | 27.7 
180 | &.9 41.3 19.9 25.2 
7.1 29.9 26.5 | 30.1 27.00 | 20.7 


sugars formed on hydrolysis by boiling, under a reflux, a 1 per cent suspen- 
sion for different periods of time with 2 and 4 per cent sulfuric acid are 
given in Table IV. The hydrolysates were partially neutralized with 
baryta and, towards the end, with barium carbonate, filtered, and the 
sugars in the filtrate determined by BRertrand’s method (36). For com- 
parison, the results of hydrolysis of truit pectins with 4 per cent acid are 
included. 

It is evident that hydrolysis with acids does not result in quantitative 
formation of reducing sugars and that prolonged hydrolysis results in partial 
destruction of sugars, an observation reported earlier (37) and confirmed 
by the results of hydrolysis, for varying periods, of a mixture of equal parts 
of glucose and xylose with 5 per cent sulfuric acid (included in the last 
column of Table IV). In a number of trials, the maximum amount of re- 
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ducing sugars found in hydrolysates of tamarind seed polyose was about 4] 
per cent at the end of 6 hours boiling with 3 or 4 per cent sulfuric acid. 

Using | per cent extract of tamarind seed meal and hydrolyzing with 0.| 
gm. of taka-diastase at 37.5° for 24 and 48 hours gave 74.7 and 86.7 per 
cent, respectively, of reducing sugars. 

Identification of Sugars—The only sugars that eould be identified in the 
acid or enzymic hydrolysate, obtained as above, were glucose, galactose, 
and xylose. The hydrolysate was neutralized, filtered, and concentrated 
in vacuo. An aliquot of this concentrate was heated on a water bath and 
treated with phenylhydrazine and glacial acetic acid. The mixture was 
allowed to react for 45 minutes and then cooled. The osazones of the 
hexoses that crystallized were removed in batches and recrystallized. Glu- 
cosazone (m.p. 204°) and galactosazone (m.p. 155.5°) were the only prod- 
ucts identified, although the latter was, to a certain extent, contaminated 
with xylosazone. 

Another aliquot of the concentrated hydrolysate was fermented with 
yeast to remove the hexoses and at the end of 24 hours the solution was 
treated as above for the osazone reaction. Only xvlosazone (mop. 154) 
could be obtained in this way. The presence of xylose was confirmed by 
Bertrand’s reaction (38) with the help of bromine and cadmium carbonate, 
when characteristic boat-shaped crystals, identified under the microscope, 
of the double salt cadmium bromide-cadmium xvlonate were obtained. The 
absence of arabinose was conclusively proved by the fact that no character- 
istic diphenylosazone could be obtained (39). [t is possible, although not 
probable in the light of the evidence presented here, that there may be other 
components of the polvose which have escaped detection. 

The data for reducing sugars in the acid hydrolysate were obviously un- 
suited for the quantitative characterization of the polvose, in view of the 
destruction, to varving degrees, of the sugars under these conditions (Table 
IV). Calculations based on specific rotation of acid or enzymic hydroly- 
sates were also ruled out, as it frequently happens that small experimental 
errors are enormously magnified and that the final results, even with mix- 
tures of pure sugars, can be regarded as only roughly approximate (36), 
The actual quantities of galactose and glucose in the polvose were therefore 
ascertained from a study of the vield of mucie and saccharic acids on oxida- 
tion with nitric acid, while that of xvlose was deduced trom the yield of 
furfural on distillation with dilute hydrochloric acid. The procedures are 
detailed below. 

Products of Oxidation-—5 gm. ot the seed polvose were treated with 300 
ec. of 25 per cent nitric acid (sp. gr. 1.15) and the mixture was heated on a 
water bath for about 3 hours, when its volume was reduced to 50 to 75 ce. 
On dilution, mucic acid separated out ((36) p. 691). This was allowed to 
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stand for 2 hours and then filtered. The precipitate was dissolved in dilute 
sodium carbonate solution, filtered, and the mucic acid reprecipitated by 
addition of a slight excess of hydrochloric acid. It was then filtered, dried, 
and weighed. ‘The product had a melting point of 225-227°, corresponding 
tomucic acid. [It was quantitatively determined according to Tollens (26). 

The filtrate obtained after removal of mucie acid was neutralized by the 
addition of potassium carbonate, treated with a few drops of acetic acid, 
and evaporated to a syrupy consistency. After addition of a few more 
drops of acetic acid, it was then allowed to cool, when potassium acid 
saccharate separated out. ‘This was filtered and recrystallized from a small 
amount of water. ‘Che acid salt was neutralized with ammonia and the 
excess ammonia removed by boiling. On addition of silver nitrate, a white 


TABLE V 
Products of Oxidation 


Substance Mucic acid Saccharic acid 
per cent per cent 
Apple pectin........ | 24.70 0) 
Wood-apple pectin...... 28 US 0 
Orange pectin... a 29.22 0 
| 28.81 0 
olyose.... | IS.S4 64.59 


Tamarind seed p 


precipitate was obtained. This was separated, dried, and carefully ignited. 
The residue was cooled and weighed. The equivalent weight of the acid 
was calculated from the formula 


Weight of Ag salt 


Equivalent weight = ———— 
Weight of Ag 


A value of 206.55, corresponding to that of saccharie acid (210), was ob- 
tained. 

The vields of mucie and saccharic acids, obtained as above, are given in 
Table V in comparison with the values tor mucic acid of purified fruit 
pectins (24); the latter did not yield saccharie acid. 

Probable Molecular Proportion of Sugars in Polyose—The puritied polyose 
on distillation with 12 per cent hydrochloric acid yielded furfuraldehyde, 
which as phloroglucide amounted to 30.0 per cent (26). The xylose equiv- 
alent of this was calculated from Ixrober tables ((36) p. 1276). From this 
and from the vields of mucic and saecharie acids (Table V) obtained on oxi- 
dation with nitric acid ((36) p. 691) the amounts of xylose, galactose, and 
glucose were calculated to be 28.42, 16.19, and 55.36 per cent respectively ; 
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these values correspond approximately to a molecular ratio of 2:1:3 of | 


xy lose-galactose-glucose. On the basis of the results recorded here the 
polyose may therefore be classed as a xylo-galacto-glucosan. There is no 
evidence on record of a similar polyose with these sugars as components 
((34) p. 70). The constitution of the polvose remains to be worked out. 
but, considering the fibrous nature of the product and its gel-forming prop- 
erty, 1t may be presumed to have a chain structure rather than a ring 
structure (40). 


SUMMARY 


1. An aqueous extract of tamarind seed meal gives, on precipitation with 
0) per cent alcohol, 60 to 65 per cent of a polysaccharide which forms jellies 
with sugar and acid as in the case of fruit pectins. 

2. The polysaccharide obtained as above is associated with 14 to 15 per 
cent of crude proteins, accounting for nearly half of the total seed proteins: 
the jelling property is not, however, related to the protein traction. 

3. The polysaccharide could be freed from most of the proteins by ey- 
cessive dilution (1: 100 or above), followed by standing overnight to coag- 
ulate the latter. 

$. The purified polysaccharide is free trom methyl ester groups and galac- 
turonic acid units, does not give the Carre and Haynes reaction tor pectins, 
and differs also in other respects trom fruit pectins. 

5. The only sugars formed on acid or enzymic hydrolysis ot the poly- 
saccharide are xylose, galactose, and glucose. From a quantitative study 
of the products of oxidation and hydrolysis, it is concluded that the approx- 
imate molecular proportion in which these sugars are present in the poly- 
succharide is 2:1:3 respectively. 

6. The polysaccharide is designated as a ‘“‘polyose’’ or “hexo-pentosan” 
which may be specifically termed gluco-galacto-xvlan. 
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ELECTRON MICROSCOPE STU DIES OF SODIUM HYALURONATE 


By JEROME GROSS* 


(From the Department of Biology, Massachusetts Institute of Technology, 
Cambridge) 


PLATE 1 
(Received for publication, September 20, 1947) 


Considerable interest is attached to the acid polysaccharides because of 
their presence in the ground substance of connective tissue, synovial fluid, 
cartilage, vitreous humor, cornea, umbilical cord, certain bacteria, and in 
many tumors (1, 2). They also may possibly be involved in the pathology 
of the rheumatic and ‘“‘pararheumatic”’ diseases (3-5). Hyaluronic acid 
and hyaluronidase also play an important role in fertilization (6) and are 
probably involved in fluid transfer in the tissues (7, 8). 

Information is available concerning some of the physical properties of 
hyaluronic acid. From the high viscosity, streaming birefringence, and 
ability to spin into threads it may be concluded that the extracted hyaluron- 
ate has a fibrous structure. From viscosity and streaming birefringence 
data, Blix and Snellman (9) estimate a mean particle length for the purified 
neutral hyaluronate of 4700 A with a maximum above 10,000 A. These 
solutions are polydisperse. The variation in particle length and uniformity 
_ depended on the source of the material and the method of preparation. 
» Assuming unbranched chains and a disaccharide length of 10 A, they 
estimate the particle weight to range between 200,000 and 500,000. The 
degree of polymerization is also greatly affected by pH, ionic environment, 
oxidizing agents, and specific depolymerases (9-11). 

Since electron microscopy is capable of revealing structure in the col- 
loidal range, it seemed desirable to investigate the properties of hyaluronic 
acid with this technique. The results here reported serve chiefly as an 
orientation for further detailed studies which must be undertaken if the full 
potentialities of the method are to be brought to bear on the problem. 


Mcthods and Materials 


Three specimens of hyaluronate prepared by different techniques in dif- 
lerent laboratories were examined. The electron micrographs shown here 
were taken of a highly purified, protein-free preparation from umbilical 
cord, the chemical composition of which corresponds closely to the theoret- 


* This work has been done during the tenure of a Life Insurance Medical Research 
Fund Fellowship. 


511 


512 STUDIES OF SODIUM HYALURONATE 


ial values. ‘The method of preparation of this sample is a= yet unpub. 
lished) A drop of approximately 1:10,000 sodium hyaluronate twice 
distilled water was allowed to dry on the supporting film of the specimey 
erid. In order to inerease contrast and show contour the preparation was 
then shadowed by the method of Willams and Wyekofl (12) with 8 mg 
of chromium at an angle of 9° and at a filament to object distance of 18 ep, 
An RCA type EMB electron microscope was used in this study. 


Results 


All three samples showed the same general characteristics. “The poly. 
saccharide dries inhomogencously on the film. In some regions of higher 
concentration (not shown) it forms thin, apparently structureless sheets of 
uniform thickness and densitv. At lower concentrations long, branching, 
and anastomosing fibers predominate (big. 1). In some areas stellate 
sheets interconnected by fibrous processes are observed (Pig. 2). Frye. 
quently globular enlargements occur along the course of a fiber, suggesting 
relatively higher fluidity in these regions (Fig. 3). The individual fibers 
usually have a smooth contour and are fairly constant in width over their 
extent. Observed widths range from approximately 50 to 200 A. No 
regular lateral or axial structure was observed in this material. 

The structure of the supporting collodion film is responsible for the fine, 
pebbly background as indicated by electron micrographs of shadowed 
blanks. Other small, dense, irregular and unidentified bodies are probably 
contaminants. The small rod-shaped structures in the background of 
Fig. 2 were noted in this picture only and their significance is unknown. 


DIsc TU ssIoN 


The particular patterns observed in the cleetron micrographs are prob- 
ably determined toa certain extent by the method of preparation (drving 
from an aqueous solution). The fibrous structures probably result: from 
flow processes produced by interfacial tension during drving. — It is thought 
that the thin, elongate filaments which give rise to viscosity and streaming 
birefringence in solution align themselves to form larger aggregates when 
subjected to relatively small shearing forces. Whether or not aggregates 
of this particular structure exist naturally or in solution ts undetermined. 

The presence of globular enlargements is reminiscent of similar struetures 


‘ The author is deeply indebted to Dr. Karl Meyer of the College of Physicians and 
Surgeons, Columbia University, for the material from which these pictures were 
obtained. He also wishes to thank Dr. Walter Bauer of the Massachusetts General 
Hospital and Dr. Maxwell Schubert of the Department of Therapeutics, New York 
University College of Medicine, for other samples of purified polysaccharide used in 
this study. 
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observed in the electron micrographs of rubber (13). If a similar interpre- 
tation is applied, one may suppose that the membranous, globular, and 
fibrous patterns represent fractions of polysaccharide differing in degree 
of polymerization or particle length. The fibrous processes would consist 
of a parallel array of the longest particles. The globules would be com- 
posed of short units; hence they show more fluid properties. , 

The fibrous processes do not show the discrete, filamentous characteris- 
tics of proteins such as actin, myosin (14), and insulin (15)2  Tyaluronate 
fibers anastomose and branch rather than cross discretely over each other 
as do these filamentous proteins. 

Investigations of the macromolecular structure of other acid polysac- 
charides are in progress as well as the effeets of pHl, oxidizing agents, 
specific enzymes, and combinations with protein. 


SUMMARY 


|. Electron micrographs of purified sodium hyaluronate were obtained 
from Aqueotils solutions dried on the supporting film and shadowed with 
chromium. 

2. Characteristic strnetures include thin, anastomosing, fibrous processes, 
globular enlargements, and stellate sheets. 

3. These structures are interpreted to represent processes incident to 
preparation, Which exuse the polysaccharide chains of various lengths to 
take these forms. These are probably related to the degree and form of 
polymerizeat 
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EXPLANATION OF PLATE 1 


Fics. 1 ro 3. Sodium hyaluronate from umbilical cord 1:10,000 (approximately) in 
water, dried on film; three different regions of the same specimen grid. Shadowed 
with chromium. Magnification, 48,000 (Fig. 1), 24,000 (Fig. 2), 38,C00 (Fig. 3). 
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EFFECTS OF FEEDING INDIVIDUAL AMINO ACIDS UPON 
THE DISTRIBUTION OF OTHER AMINO ACIDS BETWEEN 
CELLS AND EXTRACELLULAR FLUID 


By HALVOR N. CHRISTENSEN, JEAN A. STREICHER, anpb 
REBECCA L. ELBINGER 


(From the Children’s Hospital and the Department of Biological Chemistry, 
Harvard Medical School, Boston) 


(Received for publication, October 8, 1947) 


Amino nitrogen is present in much higher concentration in tissues than 
in plasma (1-3). Nevertheless injected amino acids are taken up by the 
cells so that the tissue concentrations are increased more than the plasma 
concentration (1). Glutamine is present at higher concentrations in the 
tissues than in the plasma of dogs (3). In contrast the sum of the concen- 
trations of valine and leucine is not appreciably higher in the tissues than 
in the plasma of guinea pigs (4). 

Although the tissue amino acids appear to be free by customary analytical 
methods, they may be present in some unstable combination which does 
not pass through the cell wall. Thus, administered creatine enters cells 
against apparent concentration gradients to form phosphocreatine (5, 6). 
Such unstable compounds of the amino acids might be identical with the 
high energy intermediates postulated in peptide bond formation (7), for 
example N-phosphoryl compounds. We have been interested in the pos- 
sibility that the magnitude of the distribution ratios of amino acids between 
cells and extracellular fluids might determine whether growth or wasting 
occurs. 

In the present communication evidence is reported that glycine is dis- 
tributed according to a characteristic ratio between the cells (liver and 
muscle) and the extracellular fluid. Amino acids which produced high 
concentrations in the organism when fed produced a diminution of the 
distribution ratio (cells to extracellular fluid) for glycine. Similarly when 
high glycine levels were produced by feeding glycine, the distribution ratios 
for the non-glycine amino acids were reduced. Of the amino acids tested, 
only glutamie acid produced increases rather than decreases in the dis- 
tribution ratios of the three categories of amino acids determined. We 
interpret these findings to mean that each of the amino acids, when at 
high concentration, competes with other amino acids for the means em- 
ployed by cells for the concentration of amino acids, and that L-glutamic 
acid in some way contributes to the intracellular concentration of other 


amino acids. 
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EXPERIMENTAL 


Guinea pigs of both sexes (300 to 550 gm., Rockland Farms) were main. 
tained upon the Rockland guinea pig diet with greens in addition two 
three times a week. Amino acids and sodium benzoate were administered 
by mouth to animals after a 12 hour fast, in either a neutral solution op 
a suspension by a dropper pipette, and washed down with water. Feed. 
ings were practically quantitative. Dosages were usually 10 to 20 milli. 
moles of amino acid per kilo of body weight. With « view to having more 
or less steady absorption from the gut for nearly 3 hours, two-thirds of the 
total amount of amino acid was given at the beginning of the experiment. 
one-sixth an hour later, and one-sixth 2 hours later. The animals were 
sacrificed at 3 hours. Omitting the later two portions and sacrificing the 
animals at 2 hours did not modify greatly the effects observed with glycine. 

Other experimental details have been described (8), including the deter. 
mination of glycine (9) and of glutamine a-amino nitrogen and non-gluta- 
mine a-amino nitrogen, both at pH 4.7 with ninhydrin (10). The a-amino 
nitrogen was thus divided into three categories, that due to glutamine, that 
due to glycine, and that due to neither, which for convenience will be 
‘alled the “residual” a-amino acid nitrogen. Glycine was recovered as 
well (101 + 3 per cent) from the picric acid-lead acetate filtrates at 
various levels of enrichment of tissues, as from standard solutions.  Cor- 
rections (small, but appreciable) were made routinely for the formal- 
dehyde obtained in the absence of ninhydrin. The specificity of the glycine 
method (9, 11) is supported by the observation that the deduction of the 
values for glycine nitrogen from the values for the total a-amino nitrogen 
eliminated most of the variabilitv of the latter values. To enhance the 
precision of the glycine determination, aliquots usually were selected whieh 
gave optical transmittances between 45 and 60 per cent. 7 

The concentration of each category of nitrogen in mg. per gm. of cell 
water was calculated from the proportions of extracellular and intracellular 
water, determined according to Lowry and Hastings (12, 8). The water 
distribution was determined in the tissues of the control animals and of 
those receiving sodium benzoate or glycine, but average normal values 
were assumed for other animals when it became apparent that variations 
in water distribution were not of significant magnitude. The differences 
reported have been checked for statistical significance (13). 

Peptides in Tissues—-We have attempted to measure peptides in tissues 
by analyzing filtrates prepared with picric acid, followed by neutral lead 
acetate (10). The picrie acid filtrates contained conjugated a-amino nitro- 
gen not passing through cellophane equivalent to about 2 mg. per 100 gm. 
of tissue, indicating about 99.9 per cent removal of protein. The lead 
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acetate treatment, however, left only 0.02 mg. per cent of non-dialyzable 
conjugated a-amino nitrogen, so that dialysis of these filtrates was un- 
necessary . 

The following results for conjugated @-amino nitrogen were obtained: 
five guinea pigs, liver 0.2 mg. per cent (o = 0.2), muscle 3.2 mg. per cent 
(¢ = 1.1), kidney 1.0 mg. per cent (o = O.8); mouse carcass 1.9 mg. per 
cent, mouse Carcass with skin 7.0 mg. per cent. 

The lead acetate precipitation, designed to remove the abundant 
glutathione, undoubtedly removed other peptides. From a fibrin hydroly- 
sate, for example, containing about two-thirds of the amino acids in con- 
jugated form, 42 per cent of the conjugated amino acid nitrogen was re- 
moved by lead acetate under conditions simulating those used in preparing 
tissue filtrates. One may conclude that tissues, especially muscle, contain 
appreciable concentrations of non-protein amino acid conjugates other than 
gitathione. Antinsen and Beloff' have concurrently made similar ob- 
servations upon the livers of rats. 

Effect of Lead Acetate Treatment upon Free Amino Acids~-Vhe lead ace- 
tate filtrates were not ideal for the measurement of free amino acids but 
seemed preferable to glutathione-rich filtrates. About one-tenth of the 
a-amino acid nitrogen was lost from plasma by the treatment, and 14 
per cent from a fibrin hydrolysate. The amino acids removed most ex- 
tensively by lead acetate when they were added to plasma and tissue fil- 
trates were glutamic acid (60 to SO per cent), aspartic acid (50 to 70 per 
cent), and histidine (about 50 per cent), as indicated by the loss of a-amino 
nitrogen. Glycine, alanine, serine, phenylalanine, and proline were not 
lost to a measurable extent; methionine, tyrosine, and leucine suffered 
losses of 10 per cent or less. For many of the plasma samples, a-amino 
nitrogen was determined both before. and after lead acetate treatment; 
the only plasmas showing severe losses were those obtained after histidine 
feeding. 

RESULTS AND DISCUSSION 

The glycine nitrogen of the plasma of normal guinea pigs varied for 
unknown reasons from 0.4 to 2.6 mg. per cent; the coefficients of variation 
(¢ mean) were 0.60, 0.50, and 0.52 respectively for glycine in plasma, liver 
cells, and musele cells. Glycine contributed most of the variability of the 
amino acid concentrations of these tissues (Table I). The variations in 
glycine, however, occurred together in the three tissues, so that. coefficients 
of correlation among them were above 0.9, or, expressed in another way, 
the coefficients of variation of the distribution ratios were 0.17 and 0.25. 


! Personal communication. 
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The liver cell tended to contain 33 times as much glycine as the extraeel. 
lular fluid; the muscle cell, 8.3 times as much. The residual amino aeids 
showed distribution ratios of 15.7 (@ = 3.0) and 5.3 (o@ = 1.1) for live 
and muscle respectively. The residual amino acids were not sufficiently 
variable to establish that their changing values in the liver, muscle, and 
plasma were positively correlated. The surprisingly large proportion of 
the free amino acids represented by glycine (31 to 63 per cent of the non. 


TABLE 
Effects of Ingestion of Benzoate (300 Mg. per Kilo) and of Glycine, Glutamate, ang 
Aspartate (Each 20 mau per Kilo) upon Distribution of Amino Acids 
between Extracellular Fluid and Cells of Liver and Muscle 


Glutamine Glycine | “Residual” 
a-Amino N in| a@-Amino Nin | (Cellular) | @AminoN in | (Cellular) 
cell water | cell water (Extracellular) cell water (Extracellular) 
| me. per cent me. per cent mg.percent | “te 
Controls (13)* | | | | 
Liver..... —=6.541.4 32 416 (33 +5 (388 + 6 |15.743.0 
Muscle... .. 5.82 1.8 8.64 4.5 8.342.0:13.24+ 2.9 5.3241. 
Benzoate (3)t | 
| 4.2 19 +12 +7 
7.6+ 3.0 16.5241.6 27 +14 
Glycine (4) | | | | : 
| (1299 +13 | 6.5240.7,22 + 9 | 7.0426 
| 41 + 8 | 1.7240.2;) 9.02% 1.8) 3.020.4 


(10.342.1, 33 + 6.240 +3.849 + 4.421 +3.7 
Muscle.........../ 8.5242.4, 10.04 2.2 12.242.0 21.54 5.5 7.94111 
Aspartate (3) | | , | 

| 37 +3 {31 +2 (44 + 1.4521 +3 
10.62 1.7) 8.820.917 + 1.8 7.041.8 


* The figures in parentheses represent the number of animals. 
t Animals sacrificed 70, SO, and 120 minutes after feeding sodium benzoate. 


glutamine a-amino nitrogen in liver, 19 to 56 per cent in muscle) may be 
related to the relatively large contribution of glycine to urinary amino acid 
conjugates in man (11). 

Sodium Benzoate—A dose of sodium benzoate (800 mg. per kilo of body 
weight) which should stimulate a nearly maximum rate of synthesis of 
hippuric acid reduced the free glycine of liver and secondarily that 
of plasma, so that the distribution ratios, liver cell to plasma, and muscle 
cell to plasma, moved downward and upward respectively (Table I). 
This illustrated what happens when the withdrawal of an amino acid is 


The mean values are given, followed by the standard deviations. 
Glutamate (5) 
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stimulated in one of the two tissues, and is to be contrasted with the effects 
of t-proline or pDL-serine, for examp!e, waich caused both liver and muscle 
cells to lose glycine (see below). ‘The results indicate a predominance of 
the liver over the kidneys (14) in hippuric acid synthesis in the guine: 
pig, the distribu'‘on ratio for glycine between kidney and plasma being 
little changed. Accumulation of hippuric acid in the liver (measured as 
conjugated amino acid nitrogen extractable by ethyl acetate) was small, 
in one case 1.7 mg. per cent of nitrogen. 

t-Amino Acids —Of the amino acids administered (excepting pL forms) 
L-proline, L-histidine, glycine, and L-methionine caused large rises in plasma 
amino acids. ‘These were also the amino acids giving the largest rises in 


Fic. 1. Relation of the distribution ratio for glycine between liver cells and extra- 
cellular fluid, to the plasma residual @-amino acid nitrogen after the feeding of indi- 
vidual amino acids. A = pvL-alanine; // = L-histidine hydrochloride; M = L-methi- 
onine; P = L-proline; S = pui-serine; = pi-threonine; Vv = pui-valine. +, experi- 
ments with other amino acids; @, fasting controls. 


the amino acids of liver and muscle cells. As the glycine concentration 
of the plasma was increased after glycine feeding, the distribution ratios 
for glycine were decreased (although the absolute increase in the glycine 
concentration was always greater in the cells than in the plasma). Simi- 
larly, at high concentrations of residual e-amino nitrogen, the distribution 
ratio of this category was reduced. This would be expected if the capacity 
of cells for concentrating each of the amino acids is limited. But whenever 
large elevations of the plasma glycine were produced, the distribution 
ratios of the other (residual) amino acids, between the cells (liver and mus- 
cle) and the plasma, were also depressed (Table 1), with an accompanying 
rise in plasma concentration. Similarly, whenever the plasma residual 
amino acids were elevated, the distribution ratio of glycine between liver 
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cells and extracellular fluid was decreased approximately in proportion 
(Fig. 1). The ingestion of L-proline caused the plasma glycine nitrogen 
to rise to the extraordinary level of 7.7 mg. per cent with the distribution 
ratios falling below one-third of normal. An effect upon the muscle glycine 
was not apparent under the conditions of the experiments, except in the 
case of proline. 

All the other L-amino acids examined gave undetectable to moderate 
increases in the plasma a-amino acid nitrogen, smaller effects upon the 
a-amino acid nitrogen of liver cells, and no significant effect upon the 
distribution of glycine. ‘The majority of the amino acids tested caused 
increases of the a-amino nitrogen of muscle cells of the guinea pig (cf. (2)), 
Several of the differences in plasma response to ingested amino acids re- 
corded here have been noted before in other species (15-23). 

pL-Amino Acids—In cases where comparisons were made (alanine, serine, 
leucine, and phenylalanine), the pL-amino acids elevated the plasma amino 
acid concentration more than the corresponding L acids. ‘The intense effect 
upon glycine distribution produced by high accumulations of an amino 
acid was also obtained with pL-amino acids (threonine, serine, valine, and 
alanine), muscle as well as the liver being affected (Table II; Fig. 1). 

The amino acids appear to show competitive inhibition among themselves 
for the means by which the cells concentrate amino acids, indicating that 
these means do not operate independently for each amino acid. An iden- 
tical mechanism could scarcely concentrate each of the large number of 
amino acids and yet maintain characteristic distributions for each in the 
face of the variations of the amino acid mixtures presented. Thus, a high 
plasma glycine level reduced the distribution ratio of other amino acids 
much less than that of glycine itself. The slope indicated roughly by the 
points of Fig. 1 suggests that an increase of about 9 mg. per cent of a-amino 
nitrogen due to a single amino acid in the plasma (7.c., about 0 times the 
glycine concentration) halves the ability of the liver cell to hold glycine. 
Protein synthesis obviously requires the presence in some form and at some 
limiting concentration of every amino acid (essential or non-essential) 
which must be built into the molecule. As a corollary, it may be inferred 
that, when a strongly asymmetric accumulation of amino acids is produced 
by feeding or injection, the ability of the cells to retain other amino acids 
will be handicapped and one may expect an inhibitory effect upon growth 
or nitrogen retention. Thus, the difficulty in producing optimum growth 
of rats with diets containing gelatin supplemented with amino acids, or 
with diets containing 5 to 6 per cent of glycine, L-proline, or pL-phenylala- 
nine (24, 25), may well be an effect of the excessive accumulation of one or 
more amino acids. The amino acids producing high blood concentrations 
upon feeding are the ones which cause extra energy production (“heat of 
specific dynamic action’’) and in some cases extra urea excretion (16, 26). 
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TaB.e Il 


Effects of Ingestion of Several Other Amino Acids upon Distribution of Amino 
Acids between Extracellular Fluid and Cells of Liver and Muscle 


Because of the great variability in glycine concentrations the distribution ratio 
(glycine nitrogen per 100 gm. of cell water to 1.05 * mg. of glycine nitrogen per 100 
ml. of plasma) appears more useful. For the residual a-amino acids the cellular con- 
centration is the more useful value because of its relative constancy. Mean values 
followed by standard deviations are given where two or more animals are grouped. 


Glycine Residual a-amino N 
Dosage, Plasma Liver Muscle Plasma Liver Muscle 
a-Amino N | a-Amino | he 
| ratio | ratio | . | cell water | cell water 
| me. per me. per | me. per me. per 
| cent cent cent cent 
Fasting (13 animals) 2.46 38 {| 13.2 
| +5 | 42.1 /+0.53| +6 | +2.9 
L-Alanine 10 0.92 31 8.6 3.86 | 46 24 
“ . 10 0.73 | 26 7.1 4.76 | 34 | 2 
pi-Alanine* 10 1.22| 31 62} 65 | 21 
L-Serine 12.5 | 1.95] 28 | 65] 2.92) 60 | 2 
12.5 {| 2.4 23 | 3.9 5.39 4 2 
pi-Threonine* | | 93 23 
pL-Valine* | 1.0 447 BS 19 28 
L-Leucine (3B animals) 10 1.24 33 | 9.9 | 44 15.2 
+0.46; +6 +1.7 {| +0.9 +2  +4.7 
pL-Leucine* 10 0.51; 39 | 11 6.54 35 21 
L-Proline* 15 72 30 
L-Methionine (2 ani- 10 0.85 |} 22 9.8 | 10.0 83 2; 
mals) +0.05; +2 | +1.0 | +0.8 +2 | +1 
L-Phenylalanine * 0 O81; 33 | 86] 3.81 42 17.0 
pL-Phenylalanine* 10 | 0.99) 36 9.7 | 5.00 43 17.9 
L-Tyrosine 10 «(0.95 | 10.3; 4.1 38 19.2 
L-Tryptophan 10 0.77) 37 il 4.8 38 18.5 
L-Ornithine 6.4 | 0.76! 37 10.9! 3.12; 48 | 20.6 
L-Lysine 10 1.96 27 9.2 4.29 43 16 
L-Arginine (2animals) 10 0.94 33 10.1 2.6 48 17 
| +0.15 | +1 +0.3 | +0.8 +7 +4 
L-Histidine (2 ani- 10 1.07 13.7 | 9.7 13.4 76 24 
mals) +0.12 +1.5 +0.5 


* Basal ration supplemented with pyridoxine, 5 mg. per kilo. 


The elevation of the alanine concentration of plasma when glycine is 
ingested by man, and of the glycine concentration when pt-alanine is fed 
(13), is an additional illustration of the response of cells to high concen- 
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trations of anaminoacid. Decreases in the plasma concentration of several 
amino acids in dogs after pL-methionine feeding were noted by Hier and 
Bergeim (21). Humans fed glycine showed increased amino acid conju- 
gates in plasma ((11); cf. (17)). The conjugated amino acids of an ultra- 
filtrate of the plasma of a dog were doubled after a dose of L-glutamiec acid 
which elevated the portal a-amino nitrogen to 10.7 mg. per cent.? High 
plasma concentrations of an amino acid may provoke loss of peptides as 
well as of free amino acids from cells. 

The observations recorded here may also assist in explaining the urinary 
losses of amino acids in mice fed peroxide-treated proteins (27), and the 
production of vomiting during the infusion of pL-amino acids and of 
L-glutamic and L-aspartic acids (28-30). 

L-Glutamic Acid——The failure of L-glutamic acid absorption to increase 
noticeably the amino nitrogen of peripheral blood was noted by Seth and 
Luck (16). Increases occurred in portal blood, however. In our experi- 
ments, none of the three fractions of the amino acids of cardiac plasma wag 
increased during glutamic acid absorption by guinea pigs; in fact, the 
residual amino acids were decreased (means, fasting, 2.46 mg. per cent; 
after glutamic acid, 2.01 mg. per cent). 

In a partially gastrectomized dog receiving by mouth 20 mmo of 
L-glutamic acid (as sodium glutamate) per kilo of body weight, we observed, 
in collaboration with Dr. Charles Dent,’ a net decrease in the glycine, 
glutamine, and residual a-amino nitrogen in both the portal and jugular 
plasma, following preliminary increases, especially of the residual a-amino 
nitrogen in the portal plasma. 

The explanation, we believe, lies in an increased uptake of various amino 
acids by tissues when glutamate is fed. Each of the three categories of 
amino acids determined was increased in liver and muscle cells of guinea 
pigs, and each of the distribution ratios was elevated while glutamate 
was being absorbed. Glycine does not appear to undergo transamination 
with the glutamate-a-ketoglutarate system (31, 32). 

After feeding L-aspartic acid, as with L-glutamie acid, the plasma con- 
centrations were not elevated, whereas the residual amino acids in liver 
and muscle were increased. The distribution of glycine was unaffected, 
however. 

It is concluded that glutamate (or a-ketog'utarate) is somehow involved 
in the system by which the cells concentrate the amino acids presented to 
them in the extracellular fluid. Whether the observed effects are related 
to the conversion of glutamate to a-ketoglutarate (transamination) or to 
the disposition of the a-ketoglutarate with resultant formation of high 


* Unpublished results with Dr. Charles Dent. 
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energy phosphate compounds, or to other reactions, remains to be deter- 
mined. 
SUMMARY 


1. Glycine represented a large and highly variable portion of the amino 
acids of skeletal muscle and liver of guinea pigs. The glycine of the muscle 
cells, liver cells, and plasma were covariant, so that fairly constant distribu- 
tion ratios were maintained. The glutamine levels of these tissues were 
also highly variable but with little covariance among them. The con- 
centrations of the non-glutamine, non-glycine (‘‘residual’’?) amino acids 
were moderately constant. 

2. Those amino acids which upon feeding caused high plasma concen- 
trations (L-proline, L-histidine, glycine, L-methionine, puL-threonine, DL- 
serine, DL-valine and pL-alanine) caused the largest increases in the amino 
acids of liver and muscle cells. 

3. When high glycine levels were produced by feeding glycine, not only 
was the distribution of glycine affected but the distribution ratios of the 
residual amino acids (cellular to extracellular) were also reduced. 

4. Those amino acids which produced high concentrations in the or- 
ganism caused a reduction not only of the distribution ratios for the cate- 
gory to which they belong but of the glycine distribution ratios as well. 
Those amino acids which gave small rises in the plasma concentration 
had little if any effect upon glycine distribution. 

5. Glutamic acid alone of the amino acids studied produced an increase 
in the distribution ratios of each of the three categories of amino acids 
determined. The plasma amino acids were diminished during glutamate 
absorption. 

6. These observations are interpreted to mean that the various L- and 
pD-amino acids compete with each other, although only to a restricted ex- 
tent, for the means by which cells concentrate the amino acids presented 
to them by the extracellular fluid, and that L-glutamie acid contributes in 
some way to this concentrating mechanism. 
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THE ACCUMULATION OF OROTIC ACID BY A PYRIMIDINE- 
LESS MUTANT OF NEUROSPORA* 
By HERSCHEL kK. MITCHELL, MARY B. HOULAHAN, ano 
JOSEPH F. NYC 
(From the William G. Kerckhoff Laboratories of the Biological Sciences, California 
Institute of Technology, Pasadena) 


(Received for publication, October 27, 1947) 


The discovery of orotic acid (1, 4-carboxyuracil) in cow’s milk by Biscaro 
and Belloni (1), followed by its identification and synthesis (2-4), led toa 
number of speculations as to its biological origin and significance (3, 5, 6). 


H 
C 
C—H 
| 
COOH 
(1) 


A definite connection of orotic acid with the biosynthesis of nucleic 
acid pyrimidines is provided by the finding that orotie acid (7) as well as 
thymine (8, 0%) can supplement or replace the folic acid required by certain 
microorganisms. As suggested by Chattaway (7),1t would appear that folie 
acid has a function in the biosynthesis of pyrimidines. Furthermore, this 
function is probably concerned in some step prior to the appearance of 
orotic acid in the biosynthetic series. 

More recently it was shown by Loring and Pierce (10) that orotie acid 
could be substituted for uracil in satisfying the growth requirements of some 
pyrim idincless mutants of the mold Ne uros pora. 

Investigations on orotic acid in this laboratory have led to a new method 
of svnthesis of the compound (11) and to some suggestions concerning its 
relation to the biosynthesis of nucleic acids in Neurospora (12). The 
results of the present work are in accord with the previous suggestions and 
provide further evidence on the biological origin and function of orotie acid. 


* These investigations were supported by the Rockefeller Foundation and the 
Williams-Waterman Fund for the Combat of Dietary Diseases. 
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EXPERIMENTAL 


Accumulation of Orotic Acid—Orotic acid has been found to be accumu- 
lated in large quantities by three mutants of Neurospora. Strain 38502 
has been previously described with respect to genetic constitution (13) and 
growth characteristics (12). Strains 36601 and 37709 have not been 
considered before, but they may be tentatively assumed to be an independ- 
ent recurrence of the same mutation as that in strain 38502. During 
growth in the presence of cytidine these mutants excrete orotic acid into 
the culture medium in which it can be determined by means of its absorp- 
tion spectrum (14) or by its growth-promoting effect on mutant 263 (12). 
The maximum quantity produced in experiments thus far carried out is 
1.3 mg. per ml. of culture fluid. This quantity is slightly less than the 
maximum solubility of orotic acid at 25°. 

A variety of culture conditions and methods of isolation has been investi- 
gated. In most cases mutant 38502 was grown at 25° from a conidial 
inoculation of 15 liters of minimal medium (15) supplemented with 250 mg. 
of cytidine sulfate. After 4 to 7 days growth under forced aeration the 
mycelium was filtered off and discarded, since it contained only a small 
amount of orotic acid. Nearly all of the compound is accumulated during 
the rapid growth of the first 4days. <A better vield was obtained when the 
culture fluid contained 40 gm. of CaCQ;. This substance serves to main- 
tain the pH of the medium above 5.5 and thus allows a more luxuriant 
growth of the mold. Orotic acid is also produced in large quantities when 
strain 38502 is grown in the presence of corn steep liquor, veast extract, or 
liver extract. 

I solation—Although several methods of isolation have been utilized, the 
simplest consists of crystallization of the sparingly soluble potassium salt 
from the culture fluid after evaporation toa relatively small volume. Asan 
example, 7.5 liters of culture fluid, containing 6.9 gm. of orotic acid as 
determined by absorption spectrum analysis, were evaporated in a labora- 
tory vacuum flash evaporator to 800 ml. The salt began to crystallize 
before the evaporation was completed. After cooling, the potassium 
orotate was filtered and air-dried. The yield of crude product (better than 
QQ per cent pure) was 6.3 gm., calculated as orotic acid. 

Orotic acid may also be isolated by adsorption on charcoal, followed by 
elution with aniline or ammonia. These procedures have no apparent 
advantage over the direct method when one is dealing with relatively small 
volumes of medium. 

Orotic acid mav be obtained from any of its salts by boiling a short time 
in 300 parts of 2N HCl. On cooling, the acid crystallizes with 1 molecule of 
water that requires temperatures above 110° for removal. 
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Identification of Isolated Compound—The substance isolated was re- 
crystallized twice from water and dried at 135° under a vacuum. The 
product gave the following analyses: C 38.41, I 2.75, N 17.70; calculated 
for orotic acid, C 38.48, Hl 2.56, N 17.94. Absorption spectra in 0.1 Mm HCl 
and 0.1 M NaOH were identical with those previously reported (11, 14) for 
synthetic orotic acid. The isolated material was treated with Bre according 
to the procedure of Wheeler (2), giving a compound with the following 
analyses: N 9.84, Br 55.97; calculated for 5,5’-dibromobarbiturie acid, 
N 9.78, Br 56.00. M.p. 286-239°; a mixed melting point with 5,5’-di- 
bromobarbituric acid gave no depression. 


TABLE I 
Production of Orotic Acid by Pyrimidineless Mutants and Double Mutants 


Strain | Temperature of growth Orotic acid Orotic acid* 
y per ml. per mil. 

38502 | 25 610 | 
38502-1048-5t | 25 1100 | 

38502, 263 25 | 0 

38902, 37301 25 0) | 

38502, 67602 30 0 | 20 
38502, 37815 395 0) | 80 
263 25 ) 

37301 20 0 

67602 35 0) 0 
37515 0 0) 


* After growth at 35° cultures of these mutants were placed at 25° for 2 days. 
t A reisolated strain of the original strain 38502. 


When tested for biological activity on Neurospora mutant 263 (12), the 
isolated compound induced the same amount of growth as a sample of 
synthetic orotic acid. 

Orotic Acid in Uridine Biosyntheses—In a previous publication (16) 
use Was made of double mutants of Neurospora for establishing the order of 
reactions controlled by several different genes concerned with a series of 
reactions leading to the biosynthesis of adenine. I[n a similar fashion it 
would be expected that mutant genes concerned with reactions in uridine 
biosynthesis, coming before that controlled by strain 38502 (orotic acid 
producer), would block the formation of orotie acid in the double mutant 
with strain 388502. Mutant genes concerned with reactions following those 
giving rise to orotic acid should not affect the formation of the compound 
by a double mutant. Preparation and genetic analyses of double mutants 
of strain 38502 with strains 263, 37301, 67602, and 37815 have been de- 
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scribed elsewhere (13). Production of orotic acid by these mutants is 
summarized in Table I. The cultures were grown in 20 ml. of medium 
containing 0.4 mg. of cytidine sulfate. It should be noted that strains 
67602 and 37815 are alleles of strain 37301, but they carry a partial block 
and no genetic block, respectively, in uridine synthesis at 25°. 

From these data and those previously presented it is evident that bio- 
synthetic reactions controlled by the mutations represented by strains 263 
and 37301 come before that of strain 38502 in a series. 


DISCUSSION 


Although early investigations had provided an indication that orotic acid 
has a significant, biological importance, the only direct evidence of its 
occurrence in biological systems was its isolation from milk (1). The 
present work, which demonstrates the production of large quantities of this 
pyrimidine by some mutants of Neurospora, establishes beyond question 
that orotic acid does have a significant place in the biosynthesis of nucleie 
acids. ‘The evidence from work on the Neurospora mutants suggests the 
following scheme in the origin and utilization of orotic acid: 

strain 37815 
67602 
Strain 263 < 37301 strain 38502 


— uridine —-— cytidine 


orotie acid<—— 


It appears probable that orotic acid is not actually an intermediate in the 
series of reactions, since it is not utilized by strain 37301, though it is 
accumulated by strain 38502. The reaction controlled by the wild type 
allele of strain 37301 must come before that of strain 38502, since the double 
mutant does not produce orotic acid. From this conclusion it is necessary 
that the reaction from B to orotic acid is irreversible. The evidence that 
strain 263 comes before strain 37301 in the series rests on the fact that 
strain 263 is able to utilize orotic acid for growth. 

It is possible that the orotic acid in cow's milk arises from a side reaction 
in the biosvnthesis of nuclete acid in the animal, analogous to the wecumula- 
tion of the compound by some of the Nevrespora mutants. 


SUMMARY 


1. It has been shown that three of the Veuwrospora mutants that require 
uridine, cytidine, or uracil for growth accumulate large quantities of orotic 
acid during growth. The acid is found almost entirely in the culture fluid, 

2. [solation and identification of the substance are deseribed., 

3. The relationship of orotie acid to nucleic acid biosvnthesis is discussed. 
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It appears probable that orotic acid is a by-product and not a normal 
intermediate in the biosyntheses. 
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BIOTIN AND THE METABOLISM OF LACTOBACILLUS 
ARABINOSUS* 


By RICHARD L. POTTER ano C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, November 6, 1947) 


It is known that the requirement of microorganisms for certain growth 
factors is influenced by the nutritive medium in a manner analogous to the 
effect of dietary regimen of animals on their vitamin requirements. In this 
connection it was found by Williams and Fieger (1) that oleic acid could 
substitute for biotin in the growth of Lactobacillus caset under their ex- 
perimental conditions. Axelrod et al. (2) have recently shown that this 
is also the case for Lactobacillus arabinosus. WKoser et al. (3) were able to 
demonstrate that, for Torula cremoris, aspartie acid could largely substitute 
for biotin. More recently Stokes, Larsen, and Gunness (4) have shown 
a definite relationship between biotin and aspartic acid and were able to 
demonstrate that aspartic acid synthesis resulted when biotin was present. 
Since Williams and [Fieger (1) demonstrated that oleic acid does not cause 
biotin synthesis, it appears possible that biotin is responsible for synthesis 
of both aspartic acid and oleic acid. 

The purpose of the investigation herein reported is to elucidate the re- 
lationship between biotin and these two nutrilites and to determine whether 
there is a relationship between aspartic acid and oleic acid other than their 
common connection with biotin. 


Methods 


The cultures were handled in the manner usually employed in micro- 
biological techniques (5). The agar stabs were of the following composi- 
tion: glucose | per cent, sodium acetate | per cent, IKteHPO, 0.5 per cent, 
Difco solubilized veast extract 0.5 per cent, Bacto-tryptone 1 per cent, 
Salts B 1 per cent, vitamins equivalent to the high biotin medium and agar 
1.5 per cent. The daily transfer medium from which the inoculum was 
prepared was the same as the basal medium, except that it contained 1.0 
mg. of DL-aspartic acid and 2.0 my of biotin per 10 ml. tube. All growth 
experiments were carried out in Evelyn colorimeter tubes and readings 
were made at 660 mu against a blank of uninoculated medium set at 100 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the National Live Stock and 
Meat Board. 
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on the galvanometer. leach tube was inoculated with | drop of a 0.9 per 
‘cent saline suspension of a 12 to 24 hour culture of the organism. The 
density of the inoculum was adjusted to a galvanometer reading of 85 to 95 
compared to a tube of water set at 100. The organisms were incubated 
at 37° for 60 hours, unless otherwise indicated. 

The composition of the double strength basal medium is given in Table 
I. Biotin-free, low biotin, and high biotin media were prepared by adding 
0, 0.5, and 20 my of biotin respectively to each 10 ml. tube. 


TaBie I 
Composition of Double Strength Medium* 


ms. 
pi-Leucine....... 200) Glycine 100 
200° Adenine sulfate dihydrate. | 20 
| Guanine monohydrochloride 
100 Uracil. | 2 
pu-Methionine. ... Xanthine. 
pL-Tryptophan. mi. 
pL-Phenylalanine. ... 200 Salts A (6) «10 
cm. | “ B (6) 10 
L-~Glutamiec acid 1.0 
ms. Glucose (anhydrous) | @ 
pu-Threonine....... 2K) Sodium acetate (anhydrous). | 20 
L-Lysine monohyvdrochloride 
monohydrate... 200) Calcium pantothenate 200 
.-Arginine monohydrochloride 200s Riboflavin 
.-Histidine monohyvdrochloride Thiamine hydrochloride HM) 
monohydrate. . Nicotinic acid 2K) 
i. Proline | 100 Pyridoxamine dihydrochloride. 400 
pu-Serine. . p-Aminobenzoic acid 40 
Folie acid 20 
pi-Alanine | 1.0 Biotin as indicated 


* Adjust to pH 6.8 and make up to 500 ml. 


In previous work (1, 2) the oleic acid-sparing effect was observed on a 
medium containing apparently adequate amounts of aspartic acid; therefore 
an attempt was made to discover whether oleic acid was effective on an 
aspartic acid-free medium. The results are shown in Table Tl. It may 
be noted that only poor growth resulted in the presence of aspartic acid or 
oleic acid separately on this biotin-free medium, but when both were present 
fairly good growth resulted. This growth was improved somewhat by 
adding Tween S80) «2 non-ionic detergent which makes oleic acid) more 


‘Atlas Powder Company product kindly supplied by Dr. BE. bk. Snell. 
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aVailable to the organism (7). Under these conditions oleic acid and 
aspartic acid almost completely replace biotin. It can be seen in Table 
Il that oleic acid and aspartic acid gave about the same growth on the biotin- 
free medium that aspartic acid gave on the low biotin medium. Since 
previous attempts to demonstrate biotin synthesis from oleic acid have 
failed (1), it is hardly surprising that oleic acid was ineffective in the 
absence of aspartic acid. Indeed this experiment provides additional 
evidence that oleic acid is not a precursor of biotin, for, if it were, aspartic 
acid would have been formed and growth would have ensued. This biotin- 
sparing action of oleic acid and aspartie acid can also be shown in another 
way. If an attempt is made to set up a biotin standard curve with and 
without aspartic acid, it is apparent that about 10 times as much biotin is 
required for maximum growth in the case in which aspartie acid is absent. 


Il 


Replacement of Biotin by Oleic Acid and Aspartic Acid for 
Lactobacillus arabinosus 


Biotin level 


Supplement 
None Low | High 
1.9* | 17.5" 
Oleic acid, 0.4 mg....... 1.0 4.2 18.5 
pi-Aspartic acid, 2.0 mg. 4.6 14.4 19.0 
Oleic + aspartic acid 12.8 13.0 19.7 
+ Tween SO, 3.0 mg. 15.7 


* MI. of O.1 N acid produced per 10 ml. tube in 44 days. 


This is shown in Fig. 1. In this experiment the amount of biotin required 
for half maximum acid production was 0.44 and 5.9 my in the presence 
and absence respectively of aspartic acid. In either case the maximum 
umount of O.1 N acid produced was 20 ml. per 10 ml. tube. Results similar 
to these were obtained by Stokes ef a/. (8). From these experiments it 
uppears that oleie acid replaces the small amount of biotin required in 
the presence of aspartic acid. Oleic acid and aspartic acid will nearly 
replace the larger amount of biotin corresponding to the biotin standard 
eurve in the absence of aspartic acid. Since it has already been pointed 
out that biotin is involved in aspartic acid synthesis, a possible interpreta- 
tion here would be that biotin is also involved in oleic acid synthesis. The 
small amount of biotin required when aspartic acid is present would cor- 
respond to the amount required for oleic acid synthesis. ‘The larger amount 
of biotin required when aspartic acid is absent corresponds to the amount 
required for synthesis of both oleic acid and aspartie acid. It is apparent 
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that under these experimental conditions the biotin requirement for ac- 


tivities other than aspartic acid synthesis is relatively small. 

At this point the biotin-aspartic acid relationship was investigated, 
Stokes et al. (4) have shown that for several organisms aspartic acid syn- 
thesis occurs in the presence of biotin. Lyman et al. (9) have shown that 
for one of these, Lactobacillus arabinosus, both vitamin Bg and carbon 
dioxide are required for aspartic acid synthesis. This suggested that 
biotin might be involved in carbon dioxide fixation in the synthesis of 
aspartic acid. Since a number of heterotrophic organisms are able to fix 
carbon dioxide by the 8-carboxylation of pyruvie acid to form oxalacetic 


20 


DL ASPARTIC ACID 0.2MG./ML. 


NO ASPARTIC ACID 


ML.0.1 N ACID/10 ML. TUBE 


0.25 0.75 1.0 5 2.0 
mY BIOTIN/ML. 


Fig. 1. Effect of aspartic acid on biotin requirement 


acid which can be transaminated to aspartic acid, it appeared that the 
primary reason these organisms failed .o grow on a biotin- and aspartic 
acid-deficient medium was their inability to fix carbon dioxide. The effect 
of several substrates on the growth of the organism on low and high biotin 
medium was studied. The results shown in Table IIT indicate that oxal- 
acetic acid can partially replace aspartic acid on the low biotin medium. 
The failure of the organisms to synthesize aspartic acid on the low biotin 
medium must be a result of their inability to form oxalacetie acid. It 
ean be seen from Table IIT that bicarbonate, which had little or no effect 
on growth in the low biotin medium, had a pronounced effect on growth 
in the high biotin medium. Pyruvie acid had no effect on either medium 
apparently because it was present in sufficient concentrations at all times. 
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The failure of oxalacetic acid to give as good growth as aspartic acid may 
be due to its labilitv. Furthermore, some organisms are known to contain 
an active oxalacetic decarboxylase (10). The best results were obtained 
by addition of small quantities of oxalacetate for the first 20 hours of the 
experiment. Additional amounts of pyridoxamine or pyridoxal did not 
increase growth in the presence of oxalacetic acid, which indicates that 
transamination was probably not the limiting reaction. Under these 
conditions 8-alanine gave no stimulation, but rather appeared to be slightly 
inhibitory. Since the medium contained large amounts of a-alanine, the 
synthesis of aspartate by direct carboxylation of either of these compounds 
appears to be ruled out. The 4-carbon dicarboxylic acids, fumaric, malic, 
and succinic, were also inactive. 


TABLE III 


Effect of Various Supplements on Low and High Biotin Media for 
Lactobacillus arabinosus* 


| Low biotin medium High biotin medium 


Supplement | 
| 0hbrs, | 24 hrs. | 10 hrs. 24 hrs. 
Oxalacetic acid, m/270...... 
Aspartic acid, 2.0 mg..... s4 | 72 | 78 25 


*Galvanometer readings. 


It appeared that these organisms were coupling carbon dioxide and pyru- 
vate in the presence of biotin to synthesize aspartate. Therefore, an at- 
tempt was made to halt the synthesis on high biotin medium by reducing 
the carbon dioxide tension to a very low level. However, upon aeration 
with carbon dioxide-free air no growth took place in any tube. Apparently 
the organism would not grow under these conditions; so an attempt was 
made to reduce the carbon dioxide tension in small increments by progres- 
sively lowering the pH of the medium. The results are shown in Fig. 2. 
From pI1 6.5 to 5.5 growth was nearly independent of acidity in the presence 
of the 4-carbon compounds, oxalacetic acid and aspartic acid. However, 
when the carbon chain of aspartie acid had to be synthesized, a sharp break 
occurred in the growth of the organism between pH 6.0 and 5.8. Whether 
this effect was due to reduced carbon dioxide tension or to the effect of low 
pH on the enzyme which forms oxalacetate (11) is not known. 

Burk and Winzler (12) suggested earlier that biotin might function as a 
general carbon dioxide donor. <A preliminary investigation was made of 
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other biological syntheses involving the addition of | carbon atom. Of 
those reactions studied biotin did not appear to be involved in the conver- 
sion of anthranilic acid to indole or the formation of phenylalanine from 
8-phenylethvlamine and carbon dioxide. The experimental organisms 
would not convert suecinic semialdehyde? to a@-ketoglutarate. For some 
inexplicable reason ornithine was not converted to citrulline and arginine 
could not be synthesized under the experimental conditions of Lyman (9), 
although citrulline readily replaced arginine. 


DISCUSSLON 


The anomalous finding that either bicarbonate or oxalacetate gave 
better results for early growth than the compound they appear to be 
incorporated into was interpreted as being largely a carbon dioxide effect, 
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Fic. 2. Effect of pH on bicarbonate utilization on high biotin medium 


Ciladstone et al. (13) have shown that carbon dioxide often reduces the lag 
phase of bacterial growth. However, oxalacetate is often slightly more 
active than aspartate plus bicarbonate, which might possibly indicate that 
oxalacetate is used as a building block for compounds other than aspartie 
acid. Mitchell et al. (14) has suggested that oxalacetate may be a starting 
material for uracil synthesis in Neurospora. 

While it may be too early to speculate on the interrelationships among 
biotin, aspartie acid, and oleic acid, several points stand out at this time. 
Although either oleic acid or aspartic acid spares biotin, they cannot re- 
place each other. Since biotin appears to cause the synthesis of aspartic 
acid, this may also be the case with oleic acid or other fatty acids. Cer- 
tainly oleic acid is not a precursor of biotin, as evidenced by the work of 
Williams and Fieger (1) and the data presented here. While no evidence 
has been presented to show that biotin causes oleic acid synthesis, the 


? Generously furnished by Dr. Simon Black, University of Chicago. 
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biotin-oleic acid relationship appears to be analogous to the biotin-aspartic 
acid relationship. If biotin is involved in both aspartic acid and oleic 
acid syntheses, it appears that they do not arise by the same mechanism. 
Fig. 2 shows that conditions which alter aspartic acid synthesis do not 
affect the oleic acid-replacing activity of biotin. 

On the basis of recent experiments Williams and Fieger (15) have sug- 
gested that biotin may not be a component of an enzyme system but 
rather is involved in cell permeability or surface action. However, until 
it isshown that the detergents in their experiments are active in the absence 
of oleic acid or other fatty acids nutritionally important to the organism, 
their data are compatible with a nutritional réle for biotin and oleic acid. 
Williams, Broquist, and Snell (7) have shown that inactive detergents are 
active in the presence of oleic acid for some Lactobacilli. Certain other 
Lactobacilli have a nutritional requirement for oleic acid even in the pres- 
ence of biotin (7, 16). 

SUMMARY 

1. Aspartic acid and oleic acid can almost completely replace biotin 
for the growth of Lactobacillus arabinosus. 

2. The biotin requirement of Laclobacillus arabinosus for aspartic acid 
synthesis is at least 10 times as great as that for the other functions of 
biotin. 

3. At pH 5.8 or below biotin can no longer cause aspartic acid synthesis, 
probably because of low carbon dioxide tension. The oleic acid-replacing 
activity of biotin is not affected by changes in pH in this range. 

4. Biotin appears to catalyze the 3-carboxylation of pyruvic acid. 
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THE EFFECT OF PANTOTHENIC ACID DEFICIENCY ON 
ACETYLATION IN RATS* 


By THOMAS R. RIGGS anv D. MARK HEGSTED 
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Department of Biological Chemistry, Harvard Medical School, Boston) 
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Lipmann e/ al. have shown (1) that coenzyme A! contains large amounts 
of pantothenic acid. Since this coenzyme has been shown to be essential 
for in vitro acetylations of sulfanilamide (3, 4) and choline (5), it seems 
significant to determine whether acetylation in animals depends upon an 
adequate intake of pantothenic acid. 


Methods 


The ability of normal and pantothenic acid-deficient rats to acetylate a 
foreign substance was compared by injection of p-aminobenzoic acid (PAB) 
and the subsequent measurement of the acetylated PAB excreted. Young 
male rats weighing around 100 gm. or mature rats averaging over 300 gm. 
were used in various experiments. Those selected for pantothenate de- 
ficiency were given a purified diet free of calcium pantothenate containing 
73 per cent glucose, 18 per cent vitamin-free casein, 4 per cent corn oil 
(Mazola), 4 per cent Salts [IV (6), 1 per cent cod liver oil, and the following 
vitamins’ per 100 gm.: thiamine chloride 400 y, riboflavin 800 y, pyridoxine 
hydrochloride 400 y, nicotinic acid 4000 y, and choline chloride 100 mg. 
Control animals received 2.5 mg. of calcium pantothenate per 100 gm. of 
ration. For acetylation measurements, a larger series was run with | mg. 
of PAB given intraperitoneally per animal, and a smaller series with 2.5 mg. 
of PAB. ‘The urine of the following 24 hours was analyzed for total and 
free PAB by the method of Bratton and Marshall (7). Bound PAB was 
calculated by the difference and expressed as per cent which was bound 
of the total excreted during the 24 hours. Blank runs showed no natural 
interference with the test at the concentrations used. Repeated PAB 


* Supported in part by grants-in-aid from the Milbank Memorial Fund, New York, 
Nutrition Foundation, Inc., New York, and Swift and Company, Inc., Chicago, 
Llinois. 

1 This name has recently been used to identify the coenzyme by Kaplan and Lip- 
mann (2). 

? The crystalline vitamins used in this study were kindly supplied by Merck and 
Company, Inc., Rahway, New Jersey, and the glucose and corn oil by the Corn In- 
dustries Research Foundation, New York. 
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injections were made on the same animals with a minimum of 3 days be- 
tween subsequent doses. 

Response of deficient animals to the missing vitamin was determined 
on five rats which had been on the deficient diet for 2 months, on which 
consistently low acetylation values had been obtained. Individual amounts 
of 50 y, 200 y, 500 y, or 1 mg. of calcium pantothenate were injected 
intraperitoneally in the same solution with the PAB dose. Following the 
50 and 200 y doses, the animals were allowed to return to the previous low 
acetylation values. These same animals were then given the 500 y and 
1 mg. doses. Finally, both deficient animals and controls were given | 
mg. injections of calcium pantothenate every 3 days. Pantothenic acid 
excretions were measured at various times on urine samples by micro- 
biological assay, by the method of Hoag et al. (8). 


Results 


Table I summarizes the acetylation data on ten young rats initially 
weighing around 100 gm. each. An average of nearly 90 per cent of each 
PAB dose was excreted in 24 hours by these animals, regardless of dose 
size, supplement, or diet. Normal animals showed an average of 68.3 
per cent acetylated PAB out of the total excreted. No marked change 
in acetylation was observed due to weight increase of the normals, although 
over the entire period of the experiment (over 4 months) the values showed 
a slight drift upward as their weight increased from around 100 gm. to 
well over 300 gm. (Fig. 1). Thus near the end of 4 months, the control 
animals bound 72.7 per cent PAB (Series 3, Table I), as compared to the 
over-all average of 68.3 per cent for the entire 4 months. Since the acety- 
lations obtained after 24 hour fasting (74.9 per cent bound) were measured 
near the end of the experimental period, this average has been compared 
with the 72.7 per cent acetylation value. 

The ability of the pantothenic acid-deficient animals to acetylate PAB 
was definitely below that of the control animals after 2 weeks on the diet, 
when the determinations were first made. The average acetylation of 
50.0 per cent of 1 mg. doses then remained fairly constant, except for oc- 
casional radical variations. With 2.5 mg. of PAB, acetylations dropped 
to 36.7 per cent. With this dose, the addition of 3 per cent sodium acetate 
to the diet caused a significant increase in acetylation to 43.5 per cent. 
A similar rise with 3 per cent sodium acetate on 1 mg. doses of PAB was 
observed, but the great variation among the animals (s.e. = +3.8 for a 
7.3 per cent increase) leaves doubt as to its significance. Added acetate 
had no effect on the acetylation by normal animals, and 2.5 mg. of PAB 
were acetylated equally as well as 1 mg. 

There was no apparent tendency for a continued fall in acetylation 
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Acetylation of p-Aminobenzoic Acid by Rats on Normal and Pantothenic 
Acid-Deficient Diels 


Trials | ani- Acetylation*® 
mals 
| per cent 
| 6 (50.0 + 1.2 
| 6 + 2.9 
6 | 6 (57.3 + 3.8 
6 | 6 36.7 + 1.6 
12 | 6 143.5 + 1.9 


| | Norma! 
| Treatment | INo. of 
Trials} ani- Acetylation* 
| mals | 
ome | per cent 
1 | None | SL | 4 68.3 + 0.78 
1 | 1% NaOAc diet} 1 | 4] 4 (68.9 + 2.9] 
3} 3 (70.8 1.3 
2 | None 12.5] 31 3 166.3 + 1.0 
2 | 3% NaOdAc diet 2.5) 6 3 (65.1 + 3.3 | 
8 | 24 hr. fasting 
Img.Capanto- 1 | 12, 3 74.4 4 0.64) 


thenate injec- 
tion 


* Per cent bound + standard error 


of the mean. 


Pantothenic acid-deficient 


‘No. of | 


De- 
crease 


per cent 
26.5 
27.4 
19.1 
44.6 
33.1 


‘ 
rin 6—/ 
: ™- 
j 
j 
| 
7! a NORMAL 
“2 ¥ DEFICIEN 
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acetylation of p-aminobenzoic acid by rats. 
indicated, and were administered 24 hours before the acetylation value plotted. 
2.5 mg. of PAB dose; 2, 24 hour fasting; 3, 50 y of calcium pantothenate intraperi- 
of calcium pantothenate intraperitoneally; 45, 500 y of calcium 
pantothenate intraperitoneally; 6, | mg. of calcium pantothenate intraperitoneally; 
7, 1 mg. of calcium pantothenate intraperitoneally with each PAB dose given de- 
ficient animals; 8, | mg. of calcium pantothenate intraperitoneally with each PAB 


toneally; 4, 200 45 


dose given normal animals. 


1. The effect of pantothenic acid deficiency and of various treatments on 
PAB doses were 1 mg., except where 
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ability as the pantothenic acid deficiency progressed and the animals lost 
weight. This lower plateau is consistent with the observations of Olson 
and Kaplan,’ who have found that the coenzyme A content of liver follows 
a somewhat similar course during pantothenic acid deficiency, falling to 
approximately one-fourth the normal concentration. The combined 
evidence thus indicates that, under the conditions of these experiments, 
the ability to acetylate PAB is a function of the coenzyme A concentration. 

In Table II are shown the responses obtained when the deficient rats 
were injected with various levels of calcium pantothenate. Doses of 200 
or 500 y of the vitamin gave slight but inconsistent increases in acetylation, 
These were not significant on the few data available. 1 mg. doses, how- 
ever, gave an immediate response to normal (69.5 per cent). This figure 


TABLE I] 


Response in Acetylation of 1 Mg. Doses of p-Amanobenzoic Acid by Pantothenic 
Acid-Deficient Rats Injected with Calctum Pantothenate 


va se Trials | No. of animals | Acetylation 
| | fer cent® per cent of 
54 | 6 | 60.041.2 | 73 
50 3 | 3 | 499.321.4 | 72 
200 3 3 61.1 + 5.2 | HW) 
500 2 | 2 54.0 + 1.6 | 79 
| 
1 | 33 | 5 00.721.1 | 104 


* Per cent bound + standard error of the mean. 
+ Compared to normal animals as 68.3 per cent (Table I). 


was not further increased by repeated doses. Normal animals injected 
with 1 mg. doses of calcium pantothenate acetylated 74.4 per cent, com- 
pared to the 72.7 per cent obtained in immediately preceding runs (Series 
3, Table I). Fig. 1 summarizes the per cent acetylation by normal and 
deficient animals as a function of time, illustrating the marked changes 
which occurred when the various treatments were given. For clarification 
in demonstrating the response of deficient animals given various amounts of 
calcium pantothenate, two curves are shown for the rats on the panto- 
thenic acid-deficient diet. 

Pantothenic acid excretion falls very rapidly within the Ist week on the 
deficient diet. Deficient animals showing low acetylation ordinarily ex- 
crete well under 1 y per day. Following injection of the vitamin, up to 
50 per cent of a given dose may be lost during the first 24 hours. Acety- 


*QOlson, R. E., and Kaplan, N. O., in preparation. 
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lations did not return to the low value characteristic of the deficiency for 
2 weeks or more, in spite of no further source of pantothenate. 


DISCUSSION 


The data in Table I show that the normal rats acetylated 18 per cent 
more of a 1 mg. dose of PAB than those on a pantothenic acid-deficient 
diet. ‘This amounts to more than a 25 per cent decrease, due to the ab- 
sence of the vitamin. With a larger dose of PAB (2.5 mg.) the deficient 
animals acetylated 29.6 per cent less than the controls, or a decrease of 
44.6 per cent of the normal. Injection of 1 mg. of calcium pantothenate 
into deficient animals immediately raised their acetylating ability to nor- 
mal, although single doses of 500 y or less failed to give complete recovery 
in any animal. The extra 1 mg. to control animals already receiving a 
supposedly adequate level of the vitamin in the diet resulted in a slight 
increase in acetylation which may prove significant with more trials. 

Apparently a considerable amount of pantothenic acid (up to 1 mg.) 
is needed at one time at the site of PAB acetylation (presumably the liver 
(9, 10)) for the immediate formation of sufficient coenzyme A to initiate 
anormal reaction after depletion. In view of the rapid loss of pantothenic 
acid in the urine following administration of injected doses, it would appear 
that the yield of coenzyme A is very small. Indeed, Novelli and Lipmann 
(11) have shown that bacteria yield but 4 to 8 per cent coenzyme A from 
a given amount of added pantothenate. On the other hand, animals 
retain remarkably good acetylation values (above 40 per cent), even after 
severe deficiency symptoms appear. This may be due in part to the rela- 
tively low PAB dose of 1 mg. given. Dose size unquestionably has much 
to do with the amount acetylated, as measured in the 24 hour urine. 
Bloomberg (9) reports that human subjects acetylate 100 per cent of a 
25 mg. dose or less of PAB in 24 hours, while they bind only 70 to 75 per 
cent of a 100 mg. dose. Martin and Rennebaum (12) report values of but 
3 per cent in 24 hour urines of rats given 1 mg. of sulfanilamide per gm. 
of body weight. Benigno (13) found rabbits to acetylate 76 per cent of a 
dose of 0.03 gm. of PAB per kilo of body weight in 12 hours, while Doisy 
and Westerfield (14), using 1 gm. doses in 2 kilo rabbits, found 30 to 40 
per cent bound in 48 hour urines. Our control animals acetylated a 2.£ mg. 
dose not significantly different from 1 mg. (66.3 versus 68.3 per cent). In 
contrast, the deficient animals bound only 36.7 per cent as compared to 
50.0 per cent of the 1 mg. dose, although with the larger dose the animals 
actually coupled twice as much acetate. 

The addition of acetate to the diet did not produce any marked change 
in the ability of normal animals to acetylate either the 1 mg. or 2.5 mg. 
dose of PAB. Short periods of starvation were also without effect. How- 
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ever, with the deficient animals, the addition of acetate allowed considerable 
improvement. This was especially true at the higher dose of PAB when 
more acetate was needed. This effect may indicate that acetate formation 
is abnormal in pantothenic acid-deficient animals as well as the enzyme 
which makes use of it, whereas in normal animals the low doses of PAB 
used apparently do not cause any appreciable strain on the body system 
for acetate or coenzyme A formation or function. 

By use of D-labeled sodium acetate, Bloch and Rittenberg (15) have 
now well demonstrated that acetate acts directly in acetylating PAB and 
is perhaps the sole directly contributing substance (cf. also (3)). Current 
workers, however, do not agree on the effect of added acetate on acetyla- 
tion ability of an animal (12). Much of such disagreement may be due 
to dose size, as already indicated, to the animal used, or to the use of blood 
in preference to urine for analysis. Martin and Rennebaum (12) have 
shown the lack of correlation between blood and urine analyses. These 
factors may explain completely the failure of these authors (12) to show 
lowered acetylations in pantothenic acid-deficient rats. Their observed 
decreased acetylations in thiamine and in riboflavin deficiency may also 
be accounted for, since both these vitamins are known to function in en- 
zymes which lead to formation of acetate. It is possible that, when large 
doses of PAB or sulfanilamide are given, the stress is primarily upon those 
systems which supply acetate, whereas with small doses failure of the 
acetylating mechanism may be shown more clearly. The present findings 
indicate that pantothenic acid functions in the acetylating mechanism of 
the rat, presumably through coenzyme A of Lipmann and collaborators. 


SUMMARY 


1. Normal rats were found to acetylate 70 per cent of the amount ex- 
creted in 24 hours after a 1 mg. or 2.5 mg. dose of p-aminobenzoic acid 
administered intraperitoneally. 

2. Rats rendered pantothenic acid-deficient acetylated only 50 per cent 
of a 1 mg. dose and 37 per cent of a 2.5 mg. dose. 

3. Simultaneous injection of 1 mg. of calcium pantothenate to deficient 
animals immediately returned their acetylation to normal. 

4. The effect of added acetate, 24 hour fasting, and the size of the dose 
on the degree of acetylation have also been investigated. 


The authors appreciate the suggestions and interest of Dr. I. Lipmann, 
Dr. N. O. Kaplan, and Mr. G. D. Novelli. 
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In addition to the extensively studied ovalbumins, the egg white of 
chickens contains, among other proteins, an entity designated by Longs- 
worth, Cannan, and MaclInnes (1) as conalbumin. According to these 
investigators, it comprises approximately 15 per cent of the whole egg 
white protein and migrates in this system as a single electrophoretic com- 
ponent over a wide series of pH values. Hlowever, when this component 
was separated by acidification of the albumin fraction of egg white to a 
pH below 4.0, the conalbumin showed two components upon electrophoretic 
and ultracentrifugal analysis. 

It has been found possible to purify this protein by ethanol fractionation 
to give « product which is a single component both by electrophoresis and 
by sedimentation. Under the conditions we have used, this substance is 
separated as a flavoprotein, the dialyzable chromophore group of which is 
readily dissociated in solutions acid to the isoelectric point of the protein 
carrier. 


EXPERIMENTAL 


The general techniques involving the variables in the ethanol fractiona- 
tion of protein systems (2) were used in this work. Fresh egg white served 
as the starting material. In all fractionations, the temperatures were 
maintained within 1° of the freezing point of the svstem; the pH measure- 
ments were carried out at 25° by means of a glass electrode. The progress 
of the fractionation was followed by electrophoretic analyses of the products 
in a barbiturate buffer of pH 8.6 and ionic strength of 0.1 at a constant 
potential gradient of between 6.0 to 6.4 volts per em. Mobility determina- 
tions were carried out on 0.5 per cent solutions of the purified protein at 
constant potential gradients of approximately 4.5 volts per em. in 0.1 
ionic strength buffer solutions. In these solutions NaCl supplied 80 per 


* This work was supported by grants from the Rockefeller Foundation and the 
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cent of the ionic strength, while the buffer ion, barbiturate, glycine, cacody- 
late, or acetate, depending on the pI, supplied the remainder. Through- 
out this paper only the descending electrophoretic patterns are shown. 

Sedimentation analyses! were carried out on 0.7 per cent solutions of the 
conalbumin in 0.15 M NaCl in the standard Svedberg oil-turbine ultracentri- 
fuge at approximately 220,000 X gravity, with a schlieren optical system 
to record the position of boundaries as a function of time. 

Absorption spectra were determined in a Beckman spectrophotometer, 
The samples for the absorption measurements were made up at 2 per cent 
protein concentration in 0.1 Mm NaCl. For each observation, 5 ec. portions 
of the protein solution previously adjusted to the desired pH were dialyzed 
for several days against repeated changes of 0.1 ma NaCl which had been 
adjusted to pH 4.3 or 8.3 with dilute acid or base. 


Results 


Application of the conditions of the ethanol fractionation to chicken 
egg white for the purpose of separating conalbumin resulted in the accom- 
panying fractionation scheme. ‘The progress of « typical fractionation is 
shown in Fig. | by the electrophoretic patterns of the products obtained 
at the various steps of the scheme. The conalbumin is designated as ( in 
the scheme and is analogous to the component of chicken egg white desig- 
nated as C2; by Bain and Deutsch (3). Table I gives the results of « typical 
fractionation in terms of purity of product and yield. It may be seen 
that the conalbumin has been isolated from egg white, in which it occurs as 
16 per cent of the total proteins, and so purified that a product is obtained 
which is 2 single electrophoretic component under the conditions of analy- 
sis. From 1 liter of egg white, it is possible without any special attention 
to vield to obtain 2 gm. of this product. This amount may be increased, 
if desired, by further fractionation of Precipitate IT]. The purified prep- 
arations have a tendency to form a small amount of a viscous precipitate 
when the lyophilyzed products are dissolved, apparently a result of de- 
naturation. Attempts to crystallize the conalbumin were unsuccessful. 

The presence of flavin in conalbumin was suspected during the course 
of pH-mobility investigations when it was noticed that the solutions which 
were dialyzed at pH 6.0 or below lost their characteristic vellow color and 
became water-clear, while those samples dialyzed at pH 7.0 and above re- 
mained colored. Adjustment of the pH alone was not sufficient to bring 
about this change. It appeared that some dialyzable chromogen was 
associated with, or adsorbed on, the conalbumin at high pH! and was 

' All sedimentation experiments were carried out by Mr. k. M. Hanson of this 


Laboratory. His careful attention to this phase of the work has contributed much to 
our research. 
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Fractionation Scheme for Conalbumin 


Egg white (Fig. 1, A) diluted 1:4 with cold 
H.O and dispersed with Waring blendor, pH = 8.7 
Centrifuged 
| 
Residue discarded Supernatant I 
0.1 N HAe added to pH = 7.5 
50°, EtOH added to 20° 
Centrifuged 
Precipitate | (Fig. 1, B)* Supernatant discarded 
Suspended ppt. in H,O to give I; solu- 
tion 
Added 0.5 NaliCO,; to to 74 
u = 0.00) 
Diseard Supernatant II 
Add 0.05 nN HAe to pHl = 4.7 and 
NaCl tow = 0.01 after addition of 
0% EtOH to 
| 
| 
Diseard Supernatant III 
Add 0.5 m NaHCO, to pH 7.1 
05° EtOH to 30% 
| 
Precipitate Il (Fig. 1, C) Supernatant LV 
Suspended ppt. in H.O to give I, Discard 
solution 
Added 0.05 mw HAc to pH5S8 + NaClto 
p= 
Diseard Supernatant \ 
Add 0.5 m NaHCO, to pH = 6.2 + 
50°, EtOH to 10°; 
Preeipitate Supernatant V1 
Add 95°, EtOH to 25°, 
Precipitate Supernatant VII 
Suspend in H.O to give 1°) solution Discard 
at pH 7.5 
Add NaCl, cool, add 50%, EtOH to 25°, 
w = 0.005 
Precipitate V (Fig. 1, D) Diseard 


* All precipitates dried from the frozen state. ae 
t Precipitate TIL may be reworked as Precipitate Il to recover additional pure 
material as Precipitate V. 
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dissociated and dialyzed away below pH 6.0. Evidence for this view js 
presented in Fig. 2, where the absorption spectra of samples dialyzed at 
pH 4.3 and 8.3 are given. Curve 1, dialyzed at pH 8.3, shows « maximum 
at approximately 280 my characteristic of protein, and second and third 
maxima at 370 and 450 muy respectively, which are presumably due to the 
chromogen. Curve 3, dialyzed at pH 4.3, on the other hand, shows only 


Fic.1. Electrophoretic patterns showing progress of fractionation of conalbumin. 
Duration of experiment, 4A, 10,800 seconds; B and D, 7,200 seconds; C, 12,600 seconds. 


TABLE I 
Results of Typical Fractionation in Terms of Purity and Yield 
Total protein Conalbumin BA. 
gm. percent per cent 

Whole egg white (11.), Fig.1,A........... 16 
Precipitate I,* Fig. 1, B 32 54 O0 

2.5 99-100 13 

V, Fig. 1, D. 2.3 100 12 


* Cf. the accompanying scheme. 


the maximum at 280 my corresponding to simple proteins. Curve 2, 
with a preliminary dialysis at pH 4.3, followed by a second dialysis at pH 
8.3, resulted in a preparation showing only the 280 my maximum in the 
light-absorption curve. 

The first two maxima of Curve 1, Fig. 2, correspond closely to those of 
riboflavin (4). Furthermore, acid solutions of the conalbumin showed a 
marked greenish fluorescence on irradiation with ultraviolet light. The 
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addition of 3 volumes of methyl alcohol to an acid solution precipitated 
the protein, leaving the fluorescent pigment in solution. The absorption 
eurve of this methanol supernatant solution is shown in Curve 4 of Fig. 2. 
The maxima agree well with those reported by Warburg and Christian (4) 
for riboflavin, and by Ball (5) for xanthine oxidase, a flavoprotein. Fur- 
thermore, the yellow color of the conalbumin preparations is discharged by 
addition of hvdrosulfite to acid solutions. 


0.8 
06k 
y 
2 
4 3 
300 400 500 600 700 


WAVELENGTH — my 


Fig. 2. Absorption curves of conalbumin preparations. Curve 1 represents a 2 
per cent conalbumin solution dialyzed 72 hours at pH 8.3; Curve 2, the same solution 
dialyzed 36 hours at pH 4.3, then 36 hours at pH 8.3; Curve 3, the solution dialyzed 
72 hours at pil 4.3; Curve 4, the supernatant resulting from addition of 3 volumes of 
MeOH to 2 per cent conalbumin solution at 38°. 


A portion of the flavin attached to the conalbumin is lost during the 
fractionation. Thus, when a sample of Precipitate 1V in the accompanying 
scheme was separated stepwise into two fractions at pH 6.0, the first at 
11.5 per cent and the second at 25 per cent ethanol, it was found that 
Precipitate I] contained only 75 per cent as much flavin per unit protein as 
Precipitate I, although both were single electrophoretic components at pH 
8.6. Accordingly, we are unable to draw conclusions as to the molar ratio 
of flavin and protein in the native conalbumin, although the preparations 
which were examined spectrophotometrically always showed less than 1 
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mole of flavin per mole of protein. In this connection, Theorell (6) has 
concluded that the yellow enzyme contains | mole of flavin per mole of 
protein. 

The isoelectric point of the conalbumin, as determined by pll-mobility 
studies (Fig. 3), is 6.1 at 0.1 ionic strength, not greatly different from the 
values of 5.8 and 6.0 found by Longsworth et al. (1) for the (, and (’s com- 
ponents. However, we have found no evidence for more than one compo- 
nent in buffers at 0.1 ionic strength at any pH from 3.0 to 8.6. — Indeed, as 
judged visually, the peaks were equally sharp and symmetrical throughout 
this pH range. However, when the conalbumin was subjected to electro- 
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F1G. 3. pH-mobility curve of purified conalbumin 


phoretic analysis at a low ionic strength (0.01) and near the isoelectric 
point, several peaks appeared” This result upon electrophoresis at a 
low ionic strength may be related to the amount of flavin associated with 
a given preparation and is being studied further. Immunochemical studies 
also suggest the presence of more than one protein.® When a conalbumin 
sample was dialyzed tor 48 hours at pH 3.0 and then subjeeted to electro- 
phoresis in a pH 5.2 buffer of 0.1 ionic strength, two components appeared. 
As seen from Fig. 4, conalbumin, which was dialyzed and studied electro- 
phoretically at pH 5.2, showed the presence of only one component. ‘These 
components have been designated according to the terminology used by 

2 Alberty, R. A., and Anderson, bk. A., unpublished experiments. 

Cohn, M., Wetter, L. R., and Deutsch, H. F., unpublished experiments. 
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Longsworth, Cannan, and Maclnnes (1) for a similarly modified protein 
system and are not analogous to the native (>) and (, conalbumin com- 
ponents of chicken egg white, as recorded by Bain and Deutsch (3). 
Dialysis of the conalbumin at pH 4.5 against repeated changes of buffer 
for 5 days to remove the flavin gave a product which, upon electrophoretic 


C, 


C, 


B 


Fic. 4. Electrophoretic patterns of conalbumin at plIl 5.2 in 0.1 ionic strength 
buffer. Duration of experiments, 10,800 seconds at a potential gradient of 3.8 volts 
perem. A, dialyzed for 48 hours at pH 5.2 only; B, dialyzed at pH 3.0 at 0.15 ionie 
strength for 48 hours prior to 48 hours dialysis at pH 5.2. 


> 


Fic. 5. Sedimentation pattern of purified conalbumin after 100 minutes at 220,000 
times gravity. 


study in buffers of 0.1 ionic strength, showed a single component with the 
same pll-mobilitv values in the region of its tsoelectrie point as did the 
flavoprotein. 

It is of interest to note that the isoelectrie point found by Ball (5) tor 
xanthine oxidase was 6.2, as compared to 6.1 found for conalbumin. The_ 
conalbumin, however, showed no xanthine oxidase activity as tested by the 
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Thunberg technique. No other assays for enzyme systems requiring flavin 
were attempted. 

In the ultracentrifuge, the conalbumin sedimented as a single component 
(Fig. 5) having a velocity of 820. = 5.4 Svedberg units. In order to apply 
2 criterion of homogeneity to a sedimentation diagram, several apparent 
diffusion constants were calculated from the data of velocity sedimentation 
experiments. An average apparent diffusion constant value of Deo, = 8.4 
x 10-7 em.? per second was obtained, and there was no increase in the 
constant with time. Such a result indicates that the conalbumin js 
essentially monodisperse with regard to sedimentation properties. More 
detailed diffusion studies by Kegeles, Gosting, and Morris‘ indicated the 
presence of some inhomogeneous material and gave an average value for 
Doo of 5.66 * 10-7 em.* per second. With the latter diffusion constant 
and a partial specific volume of 0.731, the value found for Warburg’s vellow 
enzyme (7), a molecular weight of 87,000 may be calculated. 

When a conalbumin preparation such as that shown in Fig. 4,8, which 
had been dialyzed at pH 3.0, was studied in the ultracentrifuge at pH 6.1, 
it sedimented as a single component. However, it did show the presence 
of small amounts of heavier inhomogeneous material analogous to the 
faster sedimenting component of the conalbumin preparations of Longs- 
worth, Cannan, and MacInnes (1). 

Nitrogen analyses of a well dialyzed conalbumin sample dried to constant 
weight an vacuo at 70° gave a value of 16.3 per cent. No carbohydrate 
could be detected by the Molisch test in a conalbumin preparation from 
which flavin had been removed. 


DISCUSSION 


The presence of riboflavin in egg white has long been known. At least 
a part of this flavin appears to be associated with conalbumin, the protein 
whose separation from the egg white system by alcoholic fractionation 
methods is reported here. It appeared, however, that in these alcohol- 
containing systems a portion of the flavin associated with the conalbumin 
is lost during fractionation, and in this respect the product described should 
not be considered to be “native” conalbumin. ‘The conalbumin prepara- 
tions of Longsworth, Cannan, and MacInnes (1), which show the presence 
of two electrophoretic components, are not analogous to the native conal- 
bumin which, in egg white, appears as a single electrophoretic component 
above pH 4.0. Dialysis of our electrophoretically homogeneous conalbumin 
preparations in the pH range used by the above workers in their separation 
of conalbumin effects a change in the protein which is characterized by the 


‘ Kegeles, G., Gosting, L. J., and Morris, M. 8., unpublished data. 
’ We wish to thank Mr. L. R. Wetter for this determination. 
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appearance of a second electrophoretic component (see Fig. 4, B). Electro- 
phoretically homogeneous conalbumin shows a single component upon 
sedimentation analysis. Conalbumin dialyzed for 48 hours at pH 3.0 
shows the presence of small amounts of faster sedimenting inhomogeneous 
material. However, by such treatment we were unable to produce the 
relatively large amounts of faster sedimenting material of approximately 
twice the molecular weight of the main component, as noted by Longsworth, 
Cannan, and MaclInnes (1) for their conalbumin preparations. 

A definite association of the flavin with the protein seems established by 
the failure of the chromophore to dialyze away from the protein at pH 
alkaline to the isoelectric point. However, the dissociation tendencies of 
the complex seem to be greater than those of other flavoproteins previously 
studied (8). Theorell (6) was able to study the electrophoretic properties 
of Warburg’s vellow enzyme at pIl values acid to the isoelectric point. In 
our experience with conalbumin, the flavin dissociates from the protein 
by dialysis under such conditions and we have been unable to make com- 
parable electrophoretic observations. Theorell (6) also found that the 
isoelectric point of the yellow enzyme shifts approximately 0.5 pH unit upon 
renoval of the flavin, while conalbumin showed no such shift. 


SUMMARY 


Conalbumin has been separated from the egg white proteins by applica- 
tion of aqueous, ethanol fractionation procedures. A product has been 
obtained which is essentially pure, as judged by its electrophoretic and sed- 
imentation behavior. It has a molecular weight of approximately 87,000 
and exhibits the properties of a flavoprotein. The flavin separates readily 
from conalbumin in solutions acid to its isoelectrie point. 


The authors wish to thank Dr. J. W. Williams for his interest during 
the course of this investigation. 
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PLASMA COPPER, AND PLASMA IRON IN NORMAL 
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Previous communications from this laboratory (1-7) have demonstrated 
that swine maintained on a highly purified diet deficient in pyridoxine 
develop a severe anemia which is characterized by microcytosis, slight 
hypochromia, and an increase in polychromatophilia, reticulocytes, and 
nucleated red cells in the blood. There is a marked hyperferremia, normo- 
blastic bone marrow hyperplasia, myelin degeneration in the peripheral 
nerves, and hemosiderosis in the liver, spleen, and bone marrow. Certain 
alterations in tryptophan metabolism, namely an increased excretion of 
xanthurenie acid, kynurenine, and urorosein, occur. The administration 
of pyridoxine is followed by a sharp reticulocyte response, mobilization 
of iron from the tissues, and rapid regeneration of blood with restoration 
of the normal size of erythrocytes. The anemia fails to respond to the ad- 
ministration of either iron or purified liver extract. Appropriate studies 
have failed to reveal evidence that the anemia is due to increased blood 
destruction and it has been concluded that it is due to a disturbance in 
erythropoiesis. The nature of this disturbance has not, however, been 
discovered. 

The purpose of this report is to present data concerning certain aspects 
of the metabolism of porphyrin, copper, and iron in’ pyridoxine-deficient 
swine, Which were gathered in an attempt to elucidate the mechanism by 
which a deficiency of pyridoxine produces anemia. The literature dealing 
with the relation of pyridoxine to erythropoiesis has recently been reviewed 
(8). 

Materials and Methods 


Full details of the experimental methods have been given elsewhere (9), 
For this study, which forms part of a larger one, forty-five weanling pigs, 
approximately 21 days of age, were used. Thirty-one animals were placed 
on the control diet and fourteen animals were fed the same diet as the 


* Aided by a grant for the study of the pathogenesis of the anemia of infection 
from the United States Public Health Service, and by grants for the study of hematol- 
ogy and nutrition from The Upjohn Company and Parke, Davis and Company. 
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controls except that pyridoxine was omitted. The results of observations 
on pigs with other types of deficiency will be reported later. 

All animals from the day they were received were fed the basal diet 
consisting of Sheffield ‘‘new process” casein 26.1 per cent, sucrose 57,7 
per cent, lard 11.0 per cent, salt mixture (swine Salt Mixture 3 (9)) 5.2 per 
cent. In addition they were given cod liver oil (Mead Johnson, 1800 units 
of vitamin A, 175 units of vitamin D per gm.), 0.5 gm. per kilo of body 
weight daily or Natola (Parke, Davis, 55,000 units of vitamin A, 11,000 
units of vitamin ID) per gm.), 0.056 gm. per kilo of body weight per week. 
Vitamins were supplied in crystalline form in capsules and were adminis- 
tered orally three times a week. The quantities of crystalline vitamins 
were as follows (mg. per kilo of body weight daily): thiamine hydrochloride 
0.25, riboflavin 0.12, nicotinic acid 1.20, pyridoxine hydrochloride 0.20, 
pantothenic acid 0.50, p-aminobenzoiec acid 0.10, inositol 0.10, choline 
chloride 10.0. 

Determinations of erythrocyte protoporphyrin were made by the method 
of Grinstein and Watson (10). Plasma copper was determined by the 
method of Cartwright, Jones, and Wintrobe (11). For the determinations 
of plasma iron the method of Kitzes, Elvehjem, and Schuette (12) as well 
as the method of Barkan and Walker (13) was used. Urinary copro- 
porphyrin determinations were made by the method of Cartwright, Laurit- 
sen, Jones, Merrill, and Wintrobe (14). 


Results 


Detailed hematologic and chemical data for each of the fourteen pyri- 
doxine-deficient pigs are presented in Table I.) In Table II the results of 
the chemical data are summarized. The amount of free protoporphyrin 
in the erythrocytes of the normal animals was 118 + 43.4 y per 100 ml. of 
red cells. In the pvridoxine-deficient group this was reduced to an aver- 
age of 47 + 13.6 y. The coproporphyrin excretion in the urine in pyri- 
doxine deficiency was not altered significantly from the normal of about 
104 y per 24 hours. The amount of copper in the plasma of the normal 
pigs was 206 + 26.3 y per cent. In the pyridoxine-deficient group the 
plasma copper was reduced to 160 + 38.8 y per cent. The plasma iron, 
on the other hand, was markedly increased, being on the average 468 + 
166.6 y per cent as compared with the normal of 169 + 38.8 y per cent. 

In Fig. 1 the data for erythrocyte protoporphyrin, plasma iron, and 
volume of packed red cells are presented as determined in a control animal 
and in a pyridoxine-deficient. pig throughout the course of a 121 day experi- 
ment. The significant fact to be noted is that the amount of protopor- 
phyrin in the erythrocytes dropped to the low value of 55 y per 100 ml. of 
red cells on the 27th day of the experiment and thereafter remained con- 
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stantly low. 
significant anemia (90 days) and differed from the rise in plasma iron in 


that the latter increased gradually throughout the experiment. 


TABLE | 
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Hematologic and Chemical Data for Fourteen Pyridurine-Deficient Pigs 


Volume , 


Red Mean | Mean 

Pig No. blood Hb packed 
cells red blood) volume | Hb 

millions mil. per micro 

| per cent 100 mil. micra 
Normal 8.86 14.7 47.0 53 17 
9-05 9.70 11.5) 44.0 15 12 
9-06 6.02 5.8 22.0 of 10 
9-07 4.95 3.7 | 15.0 31 8 
9-08 7.00 8.4) 32.0 45 10 
9-20 2.0) 3.1 11.5 44 12 
9-21 6.45 7.6 27.0 42 12 
9-22 6.50 §.9 | 20.5 32 i) 
9-23 9.21 9.3 37.0 40 10 
9-39 7.03 7.3 | 26.5 
9-40 8.3 28.5 10 14 
9-4] 3.70 7.5 27.0 47 14 
9-42 9.30 S.6 28.0 o2 16 
10-20 5.70 8.1 26.0 46 14 
7.40 S.7 29.5 40 12 


TABLE II 


Mean cor- 
puscular 
Hib 
concen- 
tration 


per cent 


32 
26 
25 
26 
27 
29 
25 


29 


Summary of Data 


Determination 


Erythrocyte protoporphyrin, Y 
per 100 ml. red blood cells 

Urinary coporporphyrin, y per 
24 hrs. 


Plasma copper, y per cent 


Plasma iron, per cent 


results were obtained in four other animals, followed throughout the course 
of the deficiency. 


In Fig. 2 the results of intravenous therapy in a single animal with small 


(;roup 


Control 
Deficient 
Control 
Deficient 
Control 
Deticient 
Control 
Deficient 


No. of 
animals 


23 
il 
30 


Eryth- 
rocyte Plasma Plasma 
proto- copper | iron 
porphyrin 
per 100 | | 
206 | 169 
23 183 | 295 
48 137 | 578 
47 117 440 
45 102 490 
41 127 392 
79 113 436 
56 201 730 
27 177 376 
63 218 758 
38 143 635 
921 
59 237 | 618 
64 | 438 
50 
No. of 
determina- | Mean + s.p 
tions 
208 | WIS + 43.4 
56 47 + 13.6 
10 104 + 37.8 
7 | 108 + 36.3 
79 «206 + 26.3 
22 160 + 38.8 
230 169 + 38.8 
67 468 +166.6 


This change took place long before the development of 
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doses of pyridoxal and pyridoxamine are presented. Within 24 hours after 


administration of pyridoxal the plasma iron dropped from 720 to 100 
per cent. A maximum reticulocytosis of 18 per cent was reached on the 
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Fic. 1. Rise in plasma iron, reduction of tree erythroevte protoporphyrin, and 
development of anemia in a pig deficient in pyridoxine in comparison with a control 
animal, 


3rd day of therapy. On the Sth day of treatment the erythrocyte proto- 
porphyrin rose abruptly to 250 y per 100 ml. of red cells from the previously 
low level of 55 yy. Following therapy the volume of packed red cells rose 
rapidly, the size of the ervthroevtes increased to normal, the mean cor- 
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Fig. 2. Chemical and morphological changes in the blood of a pyridoxine-deficient 
pig following treatment with small doses of pyridoxal and pyridoxamine. The ani- 
mal received 0.4 mg. per kilo of body weight on the lst day of therapy and 0.2 mg. per 


kilo of body weight intravenously for 4 days thereafter. 


puscular hemoglobin concentration returned to normal, and there was a 


slow gradual rise in plasma copper. 


15 days after the cessation of therapy 


the erythrocyte protoporphyrin had returned to its previously low level, 
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even though the plasma iron and copper levels were normal and anemia 
was not present. Over the course of the next 80 days a deficiency again 
developed and the animal was treated a second time with small doses of 
pyridoxamine. Again there was a reticulocytosis with restoration of the 
blood to normal, a rapid fall in plasma iron, and a slight rise in erythrocyte 
protoporphyrin. The experiment was discontinued on the 209th day, 
when the animal developed a secondary infection. 


500 Fr 


a i i i i i — 
369 48 72 
Hours after injection 


Fic. 3. The rapid fall in plasma iron in a pyridoxine-deficient pig following the 
intravenous injection of 0.4 mg. of pyvridoxamine per kilo of body weight. 


In order to determine the rapidity of the fall in plasma iron, determina- 
tions were made 1, 2, 3, 4, 6, 8, 10, 12, 24, and 48 hours following therapy. 
The results are presented in Fig. 3. As can be seen, the plasma iron began 
to decrease 2 hours after therapy and reached the lowest point within 24 
hours. 

DISCUSSION 


The normal values for free erythrocyte protoporphyrin, plasma iron, 
and plasma copper in the pig differ significantly from the normal values 
in human subjects. In the pig the normal mean value for free erythrocyte 
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protoporphyrin was found to be 118 + 43.4 y per 100 ml. of red cells 
(Table II). In human beings the normal erythrocyte protoporphyrin is 
less than 50 y per 100 ml. of red cells (14, 15). The normal plasma copper 
and plasma iron for the pig have been found to be 206 + 26.3 y per cent 
and 169 + 38.8 y per cent, respectively. In human subjects the normal 
plasma copper is about 125 y per cent (11) and the normal plasma iron 
about 126 y per cent (8). 

The reduction in the amount of free protoporphyrin in the erythrocytes 
of the pyridoxine-deficient animals suggests that the fundamental disturb- 
ance in erythropoiesis may be a failure to synthesize protoporphyrin. 
This is further suggested by the fact that the reduction in the free pro- 
toporphyrin appears to take place early in the course of the deficiency 
and precedes by a long period the development of significant anemia. 
This hypothesis also explains the hyperferremia and hemosiderosis of the 
tissues. Since protoporphyrin is not available, iron cannot unite with 
it to form heme, the plasma iron increases, and iron is stored in the tissues 
awaiting the time when protoporphyrin becomes available. When pyri- 
doxine is supplied, the synthesis of protoporphyrin is accelerated and as 
the reaction protoporphyrin + Fet* — heme proceeds, the iron is mobilized 
from the serum and tissues, and there is an increase in hemoglobin with 
alleviation of the anemia. It has been demonstrated by Watson, Grin- 
stein, and Hawkinson (15) that the free protoporphyrin in erythrocytes is 
protoporphyrin type III, No. 9, the protoporphyrin from which hemoglobin 
is synthesized. Evidence has recently been presented from our laboratory 
which indicates that the free protoporphyrin in the erythrocytes is a pre- 
cursor rather than a degradation product of hemoglobin. 

At present one can only speculate concerning the manner in which pyri- 
doxine may be related to protoporphyrin synthesis. It is known that 
the body does not depend upon a dietary source of pyrroles or their deriva- 
tives for the production of protoporphyrin. It has long been postulated 
that the pyrrole rings are synthesized from amino acids. Recently there 
has been direct evidence for this. Shemin and Rittenberg (16), using 
glycine labeled with isotopic nitrogen, demonstrated that glveine is a 
nitrogenous precursor of the protoporphyrin of hemoglobin in both the 
rat and man. It is now known that pyridoxine and its derivatives are in- 
timately concerned with protein metabolism, especially decarboxylation 
and transamination of amino acids (17-21). Furthermore pyridoxine 
is known to be concerned with the metabolism of tryptophan, a pyrrole 
containing amino acid (8). It does not seem unlikely therefore that pyri- 
doxine may be related to protoporphyrin synthesis through its relation to 
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amino acid metabolism. It protoporphyrin synthesis is affected in pyri- 
doxine deficiency, it is necessary to inquire whether other porphyrin. 
containing compounds such as catalase, the eytochromes, and indophenol 
oxidase are also affected. A deficiency of pyridoxine in the rat has not 
been found to cause a significant change in the catalase activity of the liver, 
kidney, and heart (22). However, the amount of protoporphyrin neces. 
sary for the maintenance of these enzyme systems, in Comparison with the 
amount necessary for hemoglobin synthesis, is extremely small and_per- 
haps these compounds would be affected last and not to a significant 
degree, since the reduction in tree erythrocyte protoporphyrin is never 
complete. It should also be pointed out that in the rat unconyplicated 
pyridoxine deficiency results in little or no anemia. 

The slight reduction in plasma copper in pyridoxine deficiency is diffieuls 
to interpret. Very little is known about copper metabolism in various 
types of anemias. Melhibbin e/ al. (23) found total blood copper at a low 
normal level in anemic pyridoxine-deficient dogs and observed that the 
level increased to normal during pyridoxine therapy. 

We have pointed out previously that several similarities exist between 
pyridoxine deficiency anemia in swine and pernicious anemia in human 
beings; namely, hyperterremia, hemosiderosis of the tissues, hyperplasia 
of the bone marrow, and neurological lesions (2). In respect to the amount 
of free protoporphyrin in the ervthroeytes the conditions are likewise 
similar, since in pernicious anemia the values tend to be in the low normal! 
range (24). 

SUMMARY 


1. Determinations of erythrocyte protoporphyrin have been made on 
thirtv-one normal pigs and fourteen pyridoxine-deficient pigs. “The mean 
plus or minus standard deviation for the normal group was TIS + 13.4 4 
per 100 ml. of red cells and for the pyridoxine-deficient group 47 + 13.64 
per 100 ml. of red cells. 

2. Plasma iron determinations have been made on thirty normal pigs 
and fourteen pyridoxine-deficient pigs. The mean for the normal group 
was 169 + 38.8 y per cent and for the pyridoxine-deficient group 468 + 
166.6 y per cent. 

3. Plasma copper determinations have been made on twenty-three normal 
pigs and eleven pyridoxine-deficient pigs. The mean for the normal group 
was 206 + 26.3 4 per cent and for the pyridoxine-deficient group 160° + 
y per cent. 

t. Urinary coproporphyrin excretion was measured in four normal pigs 
and three pyridoxine-deficient pigs. The mean for the normal group was 


104 y per 24 hours and for the pyridoxine-deficient group LOS + per 24 hours. 


? Cartwright, G. Huguley, C. M., and Wintrobe, M. M., to be published. 
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». It is sugwested that the fundamental disturbance in pyridoxine de- 


ficiency anemia in swine is a failure to synthesize protoporphyrin. 


6. Certain similarities between pyridoxine deficiency in swine and _ per- 


nicious anemia in human beings are deseribed. 


We are indebted to Dr. D. Fk. Robertson of Merek and Company, Inc., 


for supplying the pyridoxal and pyridoxamine, as well as the erystalline 
B vitamins, to Dr. Warren Mi. Cox, Jr. of Mead Johnson and Company 
for the cod liver oil, and to Dr. Kk. A. Sharp of Parke, Davis and Company 
for Natola. 
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The recent demonstration by Cori (1) that the hexokinase reaction is 
controlled by the interaction of insulin, anterior pituitary, and adrenal 
cortical hormones naturally raises the question as to whether the chemical 
action of insulin can be totally explained on the basis of this one effect. 
The evidence indicating that insulin is concerned more directly with oxida- 
tive reactions in the carbohydrate cycle is somewhat equivocal. However, 
there are experiments in the literature showing that insulin is coneerned in 
oxidative reactions, particularly of pyruvate, which cannot be ignored. 
For example, Krebs and Eggleston (2) showed that the oxygen uptake of 
pigeon breast muscle mince was prolonged and therefore increased by in- 
sulin. This observation was amply confirmed by others (3-5). The 
observation of Stadie and Zapp (6) that pigeon breast muscle mince as 
customarily prepared contains no glucose and little or no glycogen and is 
dependent almost exclusively upon hexose phosphate for its metabolism 
would appear to exclude any possible réle of hexokinase in experiments in 
vitro. In other words, this observation of Krebs and Eggleston shows that 
insulin may act on some enzyme system other than hexokinase. The ina- 
bility to demonstrate an insulin action with muscle minces from other 
species (3-5) has made it difficult to assess the significance of this finding in 
relation to the general problem of insulin action. 

Futher evidence must also be considered. Banga, Ochoa, and Peters 
(7) reported that insulin increases the utilization of pyruvate by minces of 
pigeon brain. Delrue and De Kevser (8) found that rabbits injected with 
pyruvate showed significantly lower blood pyruvate levels if simultaneously 
treated with insulin. However, the experiments of Bueding, Fazekas, 
Herrlich, and Himwich (9), showing that pyruvate blood levels in diabetic 
animals following the injection of glucose were low but could be signifi- 
cantly elevated by antecedent injection of insulin, have tended to support 
the concept that pyruvate formation rather than utilization was impaired 
in the diabetic state. But the evidence at hand does not warrant the con- 
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clusion that the two actions of insulin, vz. promotion of utilization as well 
as of formation, are mutually exclusive. 

More direct evidence that insulin is concerned with pyruvate utilization 
was reported by Rice and Evans (10). They equilibrated pigeon breast 
muscle minces with and without insulin in a preliminary period of 80 min- 
utes and then added pyruvate. They demonstrated a significant effect of 
insulin upon the pyruvate utilization during the final period of 25 minutes, 
and concluded that their experiments demonstrated *‘a direct in vitro asso- 
ciation between the action of insulin and the oxidation of a carbohydrate 
substrate, namely, pyruvic acid.”’ The importance of this observation in 
relation to the general problem of insulin action led us to perform a series of 
experiments similar to those of Rice and Evans, the results of which are 
reported here. 


Methods 


The pigeons were ted ad libitum and killed by decapitation. ‘The breast 
feathers were removed and the bird placed in ice water for 5 minutes. The 
breast muscle was excised and a Latapie mince prepared in the cold room. 
Suitable amounts of mince, usually about 250 mg., were weighed on a 
torsion balance and placed in Warburg vessels containing the medium 
previously cooled to 0°. The medium consisted of 3 parts of a phosphate- 
saline solution and | part of boiled pigeon breast muscle extract. The 
phosphate-saline solution had the following composition: 0.040 m sodium 
phosphate, 0.005 Mm KCI], 0.002 Mm MgCl, and NaCl to give an osmolarity of 
0.300 mM. The pH of the medium varied in the different experiments, 
The gas phase was 100 per cent oxygen. CQO». was absorbed by an alkali 
filter paper inset in the center well. After temperature equilibration in the 
water bath, oxygen uptake was determined in the conventional way. The 
experiments were terminated by the addition of trichloroacetic acid to give 
a final concentration of 7 per cent. Pyruvate was determined on the fil- 
trate by the method of Friedemann and Haugen (11). 

Several kinds of insulin were used: an amorphous preparation and a 
crystalline zine insulin, furnished by Eli Lilly and Company. — In addition, 
insulin was prepared from “‘iletin”? by isoelectric precipitation to remove 
phenol and glycerol present in this preparation. In some Cases three 
precipitations were carried out. 


EXPERIMENTAL 


Latapie Minces— A large number of experiments, essentially similar to 
those of Rice and Evans (10), were performed. They are presented in 
Tables I and II]. The vessels containing the mince were equilibrated for 
a preliminary period of 30 to 80 minutes with and without insulin. WKnown 
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amounts of pyruvate (usually 30 micromoles) were then added from 
rotating side sacs and the oxygen uptake determined for the final period 
of 35 to 60 minutes. ach experiment was terminated by the addition of 
trichloroacetic acid and the final pyruvate determined. Pyruvate utili- 


TABLE I 
Effect of Insulin on Oxygen Uptake and Pyruvaie Utilization of Pigeon Breast Muscle 
Mince (First Series) 
Medium, phosphate-saline, pl 6.5; insulin, 1 unit per ml.; ¢ = 38°. Each figure 
represents a mean of three or six determinations. The results are expressed in 
micromoles per 0.2 gm. per 45 minutes. 


Time of equilibra- 


sleen Oxygen uptake Pyruvate utilization 
Initial | Final Control Increase with Control | Increase with 
insulin insulin 
min min 
l SO 60 1.0 7.02 0.2; 5.2 3.1 + 2.2 
9 RO) 60 12.1 3.7 +1.2 5.4 2.6 + 0.4 
3 SU) (5.0) (2.7 + 0.4); (1.2) (O.7 + 0.3) 
4 SO 50 (4.1) (3.4 + 0.9)! (2.5) (0.7 + 0.3) 
5 30) 35 22.0 —2.341.0| 19.2 5.7 + 2.2 
6 60 5 20.8 -1.02 1.7; 12.0 2.5 + 0.9 
7 60 5 13.2 19+ 4.5 | 8.0 5.0 + 1.0 
8 15 15.9 3.0: 3.224 1.2 
7.2) SO) 45 31.5 7.02 3.1) 18.7 4.1 1.5 
45 15.3 2.4 + 2.7 | 0.9 + 1.4 
45 17.8 2.32 1.5 10.5 | 2.5 + 2.9 
73) 15 22.9 —2.0 + 15.3 —0.6 + 2.6 
13 ( ** 7.8) H0 45 20.1 352419); 9.8 1.1 
Mean..... 17.8 +2. 6 + 0.98 10.7 +3.5 + 0.55 
Increase, ©). of +15 + 5.5 +33 + 5.1 
2.7 6.5 


The results of -xperiments 3 and 4 are excluded from the means on the basis of too 
little pyruvate utilization. 

In this and subsequent tables the deviation measure ts the standard error of the 
mean (s.k.M.). For the individual experiments it is calculated by the equation 
= + &.E.M.2 po inulins FOF the entire series s.E.M. = 

/Sd?/(nin — 1)). 


zation Was Caleulated aus the difference of the mitial and final pyruvate. 
In euch expermment three to six separate samples with and without insulin 
were set up. Only the means of the results of each experiment are re- 
ported, 

In Table | are given the data from the first series of experiments. Al- 
though there is a considerable variation in the results, there is a statistically 
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significant effect of insulin both on the oxygen uptake and on the utiliza. 
tion of pyruvate. A second series of experiments was carried out some 6 
months later and is reported in Table II. The insulin effects are smaller 
but still statistically significant. 

Experiments with Slices—Slices of pigeon breast muscle, 0.5 mm. thick, 
were used in the same type of experiments as with the minces. After a 
preliminary period of 60 minutes, 30 micromoles of pyruvate were added 


TaBLe II 


Effect of Insulin on Oxygen Uptake and Pyruvate Utilization of Pigeon Breast Musele 
Mince (Second Series) 

Medium, phosphate-saline, pH 6.5; insulin, 1 unit per ml.; ¢ = 38°; 60 minutes 
initial period; 45 minutes final period with pyruvate. Each figure represents the 
mean of three or six determinations. The results are expressed in micromoles per 
0.2 gm. per 45 minutes. 


—— 


Oxygen uptake | Pyruvate utilization 

Contro! Increase with insulin | Control | Increase with insulin 

] 22.5 1.8 + 0.9 7.6 1.0 + 0.3 

2 24.6 2.8 = 1.1 9.3 1.2 + 0.6 

3 3.0 | 3.6 + 1.3 10.5 1.9 + 0.7 

4 21.7 0 + 2.6 11.6 —0.6 + 1.0 

5 22.0 2.3 + 1.4 8.6 1.0 + 1.1 

6 20.8 —1.0 + 0.7 10.8 1.0 + 0.2 

7 13.4 19+ 0.6 5.9 1.8 + 0.2 

5 17.2 0.7 + 0.3 12.4 —0.7 + 1.4 

18.4 —0.4+ 0.3 9.7 + 0.3 

10 13.3 2.6 + 1.1 6.7 1.0 + 0.8 

11 15.8 1321.9 10.8 0.3 + 2.1 

12 13.6 0.2 + 2.4 5.6 —0.3 + 2.1 

13 15.6 1.8 + 1.1! 8.0 1.6 + 0.9 

l4 13.4 2.22+1.2 6.2 1.2 + 0.5 
ee 18.3 +1.4 + 0.36 S.S +0.8 + 0.23 

Increase,“; .. +8 + 2.0 +9 + 2.6 


and the oxvgen uptake and pyruvate utilization were determined over a 
period of 60 minutes. The results are given in Table III. There were in 
all cases a greater oxygen uptake and pyruvate utilization in the presence 
of insulin. The effect is smaller than that observed with minces, but in 
the mean the effect of insulin is significant (¢ = 3.6). 

Miscellaneous Experiments—-With pigeon muscle mince, the effeet of 
several factors has been studied: (1) the pH of the medium, (2) the necessity 
of the presence of insulin in the preliminary period, and (3) the time of 
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addition of pyruvate. Because of our inability to reproduce the effect 
of insulin in all experiments it is difficult to draw conclusions from the 
experiments designed to study the factors enumerated above. 

pH—Essen tially similar results were obtained over the range of pH 6.5 
to 7.8. 

Types of Insulin Similar effects of insulin have been obtained with three 
types of insulin, vz. Lilly’s amorphous insulin, Lilly’s crystalline zine in- 
sulin, and insulin prepared from “‘iletin” as deseribed under ‘*Methods.”’ 

Concentration of Insulin—In most of the experiments the concentration 
of insulin was | unit per ml. (1 mg. = 22 units). However, no difference 
in effect Was obtained by varying the insulin from 1 to 6 units per ml. 


Taste III 
Effect of Insulin on Pyruvate Utilization of Pigeon Breast Muscle Slices 
Medium, phosphate-saline, pH! 6.5; insulin, 1 unit perml. Each figure represents 


the mean of the results from three samples of tissue. The results are expressed in 
micromoles per 0.4 gm. per 45 minutes. 


Oxygen uptake Pyruvate utilization 


Bird No. 
Control | Increase with insulin Control Increase with insulia 

i | 0.3 + 1.3 

2 7.9 0.4 

3 + Mi 2.1 + 0.4 

5 | | 0443.7 | | O89 238 
ee 95.5 : 2.0 + 0.63 13.5 | 1.4 + 0.38 
Insulin, %...... | 10 +2.8 
| 2.4 | 3.6 


Necessity of Fore Period —In about ten experiments, pyruvate was added 
during the preparation at O° or after the brief (10 minute) period required 
for temperature equilibration at 38°. In other words, the fore period was 
eliminated. Insulin effects were obtained which in some instances were 
as great as those observed with the prolonged fore period. 

Omission of Insulin in Fore Period—Positive etfects of insulin on pyru- 
vate utilization were obtained when the imsulin together with the pyruvate 
was added at the end of the fore period. As noted previously, however, 
the results of the experiments in these last two cases were too variable to 
permit a conclusion as to whether a fore period with insulin present in- 
creases significantly the effect of insulin. 

Experiments with Muscle Homogenates—The effect of more complete 
disintegration of the tissue was studied by the use of coarse homogenates 
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EFFECT OF INSULIN ON MUSCLE 
of muscle. Such preparations would be intermediate between minces 
andextracts. About 5gm. of Latapie mince were ground lightly in « mortar 
with 20 ml. of phosphate-saline (pH 6.5 to 7.2) plus 10 ml. of boiled musele 
juice. After 15 minutes at 0° the suspension was filtered through gauge 
and the filtrate used. The oxygen uptake and pyruvate utilization of 6 
samples from ten pigeons were determined as in the experiments with 
minces. There was a good utilization of pyruvate im all cases (mean 
TABLE IV 

Effeci of Insulin on Oxygen Uptake and Pyruvate Utilization of Pigeon Breast Musele 
Mince in Presence of Malonaie and Fumarate or Malate 


Medium, phosphate-saline, pH 6.5; insulin, 1 unit per ml.; ¢ = 38°; 60 minutes 
initial period; 45 minutes final period. Addition in final period, malonate 60 micro. 
moles (0.015 mM), pyruvate, fumarate, and malate as indicated in the table. Each 
figure is the mean of three or six determinations. 


Oxygen uptake, 
micromoles per 0.2 gm. 


Pyruvate utilization, 
micromoles per 0.2 gm. 


Experiment Addition — per 45 min. per 45 min. 
added -- 
Con Increase with Con Increase with 
trol insulin trol insulin 
micro- 
moles moles 
| Fumarate 16 15 9.7 9.0 + 1.5 6.2 2.4 + 0.6 
2 - 16 15 16.7 —1.2 + 1.1 9.0 —-0.3 + 0.6 
3 16 15 11.0 0.4 + 0.8 6.6 0.4 + 0.2 
4 60 30 8.2 2.0 + 0.8 
5 60 30 16.0 02+ 0.6 #£46.2 0.7 +08 
t) Malate 60) 30 Is.0 1421.1 14.0 0.3 + 0.7 
7 60 30 4.2 §5.7+0.9. 8.9 1.3 + 0.6 
OO 16.0 & 1.6 11.0 1.3 + 0.6 
y 60 0 12.8 0.2 + 0.9 6.0 0.3 + 08 
Mean 13.1 -1.52+ 0.89 8.5) +0.9 + 0.32 
Increase, ©; +11 + 6.8 +11 + 3.6 
1.6 | 3.1 


11.4 micromoles of pyruvate per sample per 45 minutes) but there was no 
significant effect of sulin (mean increase with insulin, 4+-0.5 + 0.2 micro- 
moles). In two experiments, minces and homogenates trom the same 
muscle were compared, Significant insulin effeets on pyruvate utilization 
were obtained with the minces, but none with the homogenates. 
Experiments with Malonate—Pyruvate is presumably oxidized mainly 
through the tricarboxyvlie acid cycle, initiated by condensation with oxal- 
The evele is inhibited at the suecinate stage by malonate, pre- 
However, if fumarate, malate, 


acetate. 
venting further oxidation of pyruvate. 
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or oxalacetute is added, pyruvate oxidation can again oecur. All three of 
these substances have been-used in experiments in which the effeet of in- 
sulin on pyruvate oxidation has been studied. The experiments with 
fumarate and malate are given in Table LY. 

The experiments were similar to those without malonate. Mince was 
equilibrated in phosphate-saline for 1 hour; 60 micromoles of malonate 
(0.015 mM), 30 micromoles of pyruvate, and 60 micromoles of malate (or 
fumarate) were then added. The oxygen uptake and the pyruvate utiliza- 


V 
Effect of Insulin on the Pyruvate Utilization of Pigeon Breast Muscle Mince in 
Presence of Malonate and Oxalacetate 


Medium, phosphate-saline, pH 7.2; insulin, 1 unit per ml.; ¢ = ; 60 minutes 
preliminary period; 45 minutes final period. Addition in final period, sodium 
malonate 60 micromoles (0.015 mM), sodium pyruvate 30 micromoles (0.0075 mM), and 
sodium oxalacetate as given in the table. 250 + 5 mg. of tissue in each vessel. 


hxperiment Oxalacetate oxalacetate A pyruvate 
No. adde . 
Mean Mean 
micromoles micromoles micromoles micromoles micromoles 
0) 22.3 —21.5 
— 22.0 -21.8 —9.3 —§.2 
22.3 -21.9 —5.4 
— 22.0 — 22.0 +1.9 —1.8 
0) 22.3 —21.2 —4.8 
—21.9 —21.6 —4.0 —4.4 
4 22 —19.5 —$.7 
—21.9 —20.7 —2.2 —3.9 
3 0 25.5 — 29.5 —0.5 
— 25.5 +6.7 
— 25.9 -25.9 0.0 +2.1 
+ 25.5 -25.5 2.5 
— 29.5 +3.5 
—25.5 -25.3 +3.5 +3.2 


tion Were measured for the subsequent 30 or 45 minutes. If malonate was 
present in the preliminary period, there was little or no utilization of 
pyruvate in the subsequent period. ‘There is considerable variation in the 
magnitude of the insulin effect. In about half of the experiments there 
Was ho significant effeet of insulin, but the effects in the remaining are suffi- 
ent to make the mean value of all the experiments significantly different 
from zero. The magnitude of the effeet is the same as that of our second 
series of experiments without malonate. Experiments were also done in 
Which pyruvate plus oxalacetate was added in the presence of malonate. 
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After equilibration of the tissue with or without insulin in a fore period of 
60 minutes, oxalacetate, pyruvate, and malonate were tipped into the 
vessels and the reaction allowed to proceed for 45 minutes more. The 
changes of the added substrates were determined as follows: (1) A oxal. 
acetate was calculated from the initial and final oxalacetate, the latter 
being determined on trichloroacetic acid filtrates by the aniline citrate 
method (12). (2) The final total pyruvate + oxalacetate was determined 
by the 2,4-dinitrophenylhydrazine method of Friedemann and Haugen 
(11). The pyruvate could then be calculated. The results, presented jn 
Table V, show (1) a rapid disappearance of oxalacetate, (2) a net decrease 
of pyruvate in two out of three experiments, (3) no demonstrable effect of 
insulin upon pyruvate utilization. In this respect the experiment differs 
from those with malate or fumarate, in which significant effects of insulin 
were observed in more than half of the experiments. 


Formation of Acetate from Pyruvate 


It has been demonstrated (13) that the reaction pyruvate = acetate + 
(‘Os, occurs in muscle tissue. It is therefore conceivable that in the 
absence of added insulin pyruvate utilization in part stops at the acetate 
stage, but with insulin the utilization was more complete. The hypothesis 
was tested by determining acetate formation from pyruvate in the presence 
of pigeon muscle mince. At the end of the respiratory period a protein-free 
filtrate was prepared by the Somogyi method. The filtrate was acidified 
and 2,4-dinitrophenylhvdrazine added. The precipitate containing the 
pyruvate was filtered off and the filtrate, after acidification to pH 3, was 
steam-distilled in a specially constructed distilling flask. The distillate 
was titrated against alkali with a micro burette. Control determinations 
showed that 1 micromole of acetic acid in the presence of amounts of 
pyruvate comparable to those used in the experiments could be recovered 
with an accuracy of about +5 per cent. 

Very little acetate was found in any of the experiments. The pyruvate 
utilization varied from 8 to 13 micromoles per 0.2 gm. of muscle, and the 
acetate formation from 0 to 1 micromole per 0.2 gm. Insulin in no way 
influenced the results; so that the hypothesis under discussion is unsup- 
ported. 

Experiments with Rat Muscle Minces—TVo test whether the effect of in- 
sulin found in pigeon breast muscle mince is also demonstrable in mam- 
malian tissue, scissors minces of rat pectoral muscle were prepared and 
experiments identical to those with pigeon breast muscle were carried out. 
Both normal rats and rats made diabetic by the injection of alloxan were 
used. In 72 samples from eight normal and four diabetie rats the mean 
pyruvate utilization was 3.2 + 0.3 micromoles per 0.2 gm. per 45 minutes. 
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This rate is much lower than that observed with pigeon breast muscle 
(approximately 15 to 20 micromoles per 0.2 gm. per 45 minutes). However, 
no significant effects of insulin were observed. 

Two experiments with human muscle were carried out. The pyruvate 
utilization by this tissue was so small that no conclusions could be drawn. 
DISCUSSION 

The objective evaluation of the data reported in this paper is beset with 
some difficulties. In view of the large number of experiments done (none 
being omitted), particularly those given in Tables I and II, the authors are 
inclined to give considerable weight to the statistical analysis and to the 
conclusions permissible therefrom. Since the experiments reported include 
all those performed, the fact that the mean increase of pyruvate utilization 
observed is statistically highly significant (the probability of difference 
arising by chance is less than 0.001) weighs heavily in regarding the effect 
of insulin upon pyruvate utilization as being real. On the other hand, our 
inability to control the system so as to give positive effects in all instances 
compels us to reserve a final opinion until other supportive evidence is 
available. For despite our best efforts, no or slightly negative effects of 
insulin were obtained in approximately one-third of the experiments. 

The experiments in which malonate was present together with malate or 
fumarate, despite failures in half the cases, constitute, m our minds, addi- 
tional evidence for the reality of the insulin effect on pyruvate utilization 
((= 3.1, P = 0.02). Although there is insufficient evidence to formulate 
an opinion as to their full significance, the experiments would indicate 
that insulin is concerned in accelerating the condensation of pyruvate with 
the 4-carbon dicarboxylic acids, the initiating step in the Krebs cycle. 
Our failure to demonstrate an insulin effect when oxalacetate and pyruvate 
are equilibrated with muscle mince in the presence of malonate is contrary 
to the experience of Rice and Evans and not in accordance with the anti- 
cipations from our results with fumarate or malate. However, the unusual 
rapidity of the reaction as indicated by the rapid disappearance of oxal- 
acetate might conceivably be unfavorable for the demonstration of an 
accelerating action of insulin. 

The finding of a positive effeet of insulin on pyruvate utilization with 
slices of pigeon breast muscle (¢ = 3.6, P = 0.02) is of importance. How- 
ever, our complete failure in a large number of experiments to demonstrate 
any effect of insulin whatever upon coarse homogenates of muscle adds 
considerable confusion to the problem. In all cases, these homogenates 
utilized pyruvate vigorously and it is difficult, at this moment, to formulate 
any hypothesis to explain the difference of behavior of the homogenates 
from the minces. This is particularly puzzling when it is remembered that 
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in experiments with the same bird positive efiects were tound with minees 
and none with the homogenates. 

The prevailing opinion that experiments with pigeon muscle mince haye 
little significance so far as the general problem of the chemical action of 
insulin is concerned has not been dissipated by our present experiments, 
for we failed completely to demonstrate any insulin effeet upon pyruvate 
utilization by rat muscle minces. In two experiments with human muscle. 
failures were also recorded. However, with these preparations pyruvate 
utilization as well as oxygen uptake was small and the preparations rapidly 
lost their activity an vitro. It is therefore a matter of Conjecture as to how 
formidable this failure is in its bearing on the problem. 

Qur general conclusion is that our experiments have, in the main, con- 
firmed those of Rice and Evans, but we are not prepared as vet on the basis 
of our own or their published experiments to conclude categorically that 
insulin is concerned in some reaction which directly accelerates the utili- 
zation of pyruvate by muscle. 


SUMMARY 


1. Minces of pigeon breast muscle were subject to a fore period with and 
without insulin. Pyruvate was then added and its utilization determined 
during a final period. Significant increases of pyruvate utilization were 
observed in the insulin-treated preparations. 

2. In similar experiments with muscle slices significant insulin effects on 
pyruvate utilization were also observed. 

3. In contrast, coarse homogenates of muscle which vigorously oxidized 
pyruvate failed to be influenced by insulin. 

4. Muscle minces subjected to an initial period with and without insulin 
and then equilibrated with added malonate, pyruvate, and malate or fu- 
murate showed positive insulin effects on pyruvate utilizations im half of 
the cases. With oxalacetate in place of the malate or fumarate, no such 
effects were observed. 

5. Rat muscle minces in similar experiments failed to show any imesulin 
effects. In these cases the pyruvate utilization was very low. 

6. Miscellaneous experiments on the effeet of pHl, insulin concentration, 
length of fore period, ete., were also performed. 
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d-Isocitric acid! has, in recent years, attracted much interest as one of the 
organic acids concerned in reactions catalyzed by the enzymes of various 
animal and plant tissues. A demand has accordingly arisen for specimens 
of this rare substance for use in investigations of the enzyme systems 
involved. ‘The fortunate observation that d-isocitric acid is present in the 
leaves of succulent plants of the family Crassulaceae in rather large pro- 
portions (5-7) suggested that a procedure could be developed whereby 
suitable preparations might be readily obtained. Such a procedure is 
described in the present communication. 

Preparation of Material—Two species, Bryophyllum fedtschenkoi and 8. 
calycinum, were used exclusively for the present work but other closely 
allied species would probably serve as well. 8. calycinum? is commonly 
available in the greenhouses of university departments of botany, since the 
leaves are often used for demonstrations of the unusual manner of propa- 
gation of this plant; B. fedtschenkoi is less frequently found but has some 
advantage for the present purpose over B. calyctnum, inasmuch as propa- 


* Died November 20, 1947. 

' The nomenclature of natural optically active isocitric acid is somewhat confus- 
ing. Inasmuch as the free acid and its sodium salt are both dextrorotatory in water 
solution, the isomer present in plants must be designated d-isocitric acid or d-isocit- 
rate. The lactone and its dimethy! ester are levorotatory in methyl alcohol solution 
and must therefore be designated l-isocitric lactone and /-dimethyl isocitrate lactone. 
However, the rotation of the free acid is usually determined in the presence of am- 
monium molybdate and the complex formed is very strongly levorotatory; accordingly 
there is a tendency to refer to this in naming the acid. Krebs and Eggleston (1), 
for example, designate it as (—)-isocitric acid. Discussions of the facts are to be 
found in several papers (2-6). It is probable that the configuration of the a-carbon 
atom of natural isocitric acid is the same as that of natural /-malic acid, which is the 
same as that of the L, family to which the protein amino acids belong, but this has 
not yet been rigidly established. Pending the adoption for a-hydroxy acids of a 
more rational nomenclature founded upon configuration, there is no alternative to 
the careful use of the prefixes in their original meaning, t.e. to designate the actual 
direction of the rotation under defined conditions. 

? Also known as Bryophyllum pinnatum and by the common name “‘life-plant.”’ 
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gation is a little easier and isocitric acid is obtained from it in higher yield 
and is somewhat more easily purified. 

To propagate the plants, well grown leaves with deep marginal indenta- 
tions are picked and placed flat upon moist sand, being protected from light 
until roots have become established at the indentations (Sto 10 days). The 
leaves are then uncovered and the sand is kept moist with a suitable culture 
solution’ until the plants are several centimeters high.* Application of the 
culture solution is necessary three or four times a week. The small plants 
are then separately transplanted into soil or sand in individual crocks. If 
sand is used, the same culture solution is applied regularly as needed. In 
the greenhouse, the plants will have grown sufficiently for use in 3 to 4 
months; during the summer season they may be grown out of doors. For 
each preparation of approximately 10 gm. of isocitric acid, five to seven 
plants are required; the fresh leaves will weigh 3 to 4 kilos and will give 200 
to 300 gm. of dry tissue. 

Because of the wide diurnal variation in malic and citric acid content of 
the leaves of Bryophyllum plants (isocitric acid shares to only «a moderate 
extent in the diurnal changes (9, 10)), it is necessary to harvest the leaves 
at a low point in the cycle so that the relative proportion of isocitric to the 
other acids shall be as high as possible. This situation occurs in the after- 
noon of sunny days. Accordingly, the leaves are stripped from the plants 
at from 3 to 5 p.m. on a bright sunny day and at once placed on trays in a 
drying oven at 80-90°; when crisp, the tissue is broken up and powdered in 
a Wiley mill. This powder may be stored indefinitely. 

Extraction of Organie Acids —Organic acids may account for from 15 to 
25 per cent or even more of the dry weight of Bryophyllum leaves, depending 
upon the species and the time of day the leaves are collected. In samples 
picked in the afternoon, the total organic acids are low but isocitric acid 
may make up as much as 70 per cent of the residual acidity. The other 
acids present are chiefly malic and citric, together with minor proportions 
of other substances. The following description refers to the preparation 


20.5 Mm solutions of four salts are prepared and the culture solution is made by 
mixing 20 ml. of potassium dihydrogen phosphate, 100 mil. of calcium nitrate, 40 ml, 
of magnesium sulfate, and 100ml. of potassium nitrate. To this are added 20 ml. ofa 
solution of ferric tartrate (2.6 gm. per liter) and 201ml). of a solution that contains 
2.85 gm. of boric acid and 2.03 gm. of magnesium sulfate tetrahydrate per liter. The 
mixture is then diluted to 10 liters with tap water, and adjusted to pH 5.0 to 6.2 by 
the addition of 2to 5 ml. of 1.0.N sulfuric acid as required (S). 

‘An alternative and somewhat superior method of propagation consists in placing 
the leaves on wire mesh trays in a dark cabinet where they are sprayed continuously 
with a fine mist of water. Rootlets begin to form in a few days and, when well de 
veloped, portions cut from the leaves are transferred to sand in flats and watered with 
culture solution. <A higher yield of young plants is obtained in this way. 
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of isocitric acid in approximately 10 gm. units, a convenient quantity to 
jeal with in laboratory scale apparatus. The figures given for weights of 
products are approximately those that will be obtained if Bryophyllum 
calycinum is used, this being the most commonly available species. 

For the extraction, 200 gm. of dry leaf tissue are stirred to a uniform pulp 
with 300 ml. of 80 to 85 per cent alcohol, to which is added sufficient 18 N 
sulfuric acid to bring the mixture to pH 1.8 to 2.0 as measured in aqueous 
suspension. Usually, 30 to 50 ml. are required, the exact amount being 
ascertained by mixing 0.5 gm. of the dry powder with successive 0.5 ml. 
increments of 1.0 N sulfuric acid, diluting the mixture to 10 ml., and meas- 
uring the pH! with a glass electrode. The suspension is diluted with 700 
ml. of 80 per cent alcohol, 10 gm. of norit are added, and the mixture is 
heated on the steam bath for 15 minutes with frequent stirrmg. The 
tissue is filtered off, washed with dilute alcohol, and extracted twice more 
with 600 ml. of hot alcohol under the same conditions. The combined 
extracts are then cooled and filtered through paper pulp, again heated nearly 
to the boiling point and treated with aqueous barium hydroxide solution 
saturated at 70-S80°, and added slowly with stirring, until definitely alkaline 
to phenolphthalein paper; about 1 liter will be required. After being 
allowed to digest on the steam bath for half an hour, the precipitate of 
barium salts of the organic acids is filtered hot on two 18 em. Biichner 
funnels fitted with No. 4 Whatman filter paper covered with a thin layer 
of Celite. The precipitate is washed repeatedly with liberal amounts of 
hot 40 per cent alcohol. 

Alternatively, basic lead acetate in 40 per cent aqueous solution may be 
used for the precipitation of the organic acids, the reagent being added 
until « filtered test sample gives no further precipitation. The lead salts 
are decomposed with sulfuric acid as described for the barium salts. How- 
ever, it is necessary to filter off and wash the lead sulfate and concentrate 
the solution before removing the excess of sulfurie acid quantitatively with 
barium hydroxide. 

The precipitate is made into a thick slurry in water in an enamel ware 
pail with the aid of a wire beater and transferred to a large beaker through 
a Wire mesh screen, all lumps being broken up with a brush. The sus- 
pension, at a volume of from 3 to 4 liters, is heated on the steam bath and 
treated with IS N sulfuric acid with continuous stirring until a small excess 
is present (30 to 50 ml. will be needed). After making certain that the 
reaction is complete, dilute barium hydroxide solution is added with stirring 
until tests on filtered or centrifuged 5 ml. samples are negative for both 
sulfuric acid and barium ion; 25 gm. of norit are added, and the solution is 
again heated for about 15 minutes with stirring and is allowed to settle 
overnight. The clear solution is then siphoned off, the barium sulfate is 
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centrifuged and washed twice with liberal amounts of hot water, and the 
combined solutions are filtered through Whatman No. 4 paper and con. 
centrated in vacuo to about 250 ml. For this, and for subsequent evapora- 
tions in vacuo, a special still head described some years ago (11) is desirable, 
since it permits the interchangeable use of short ring neck flasks of different 
sizes. 

Dehydration of Isocitric Acid to Its Lactone—The clear solution is trans- 
ferred to a 1 liter tared flask and concentrated in vacuo in a boiling water 
bath until no more water distils and for about half an hour thereafter. The 
vacuum is released and heating is continued for another half hour, when the 
vacuum is again applied and distillation renewed. Several alternate cycles 
of heating and distillation for about 15 minutes each are then carried 
through, after which the flask is cooled and weighed. The dark red viscous 
sirup should weigh close to 30 gm. and most of the isocitric acid is now 
present as the lactone. 

Esterification of Isocitric Lactone —A volume of absolute methyl alcohol 
in ml. equal to 5 times the weight of the sirup in gm. is added together with 
slightly more than 1 volume of redistilled boron trifluoride etherate (b.p. 
51-52° at 22 mm.), and the mixture is heated under a reflux condenser on 
the steam bath, occasionally being shaken. ‘The sirup gradually dissolves 
and heating is continued for a total of about 5 hours. After being chilled 
and filtered if any separation of solid material occurs, most of the alcohol is 
distilled off and the residue is transferred with the aid of methyl! alcohol to 
a 200 ml. flask which is connected to a vacuum fractionation apparatus 
equipped with a short column. The methyl alcohol is first removed; the 
excess boron trifluoride etherate then distils and is followed by the dihydrate 
at an oil bath temperature of 100-110° at 5 to 7 mm. Evidence of the 
presence of a small amount of dimethyl malate may then be seen. The 
temperature of the bath is gradually raised to 160—165° until distillation 
has practically ceased and is held there for about 15 minutes. ‘This tem- 
perature must not be exceeded or dimethy] isocitrate lactone will distil and 
crystallize in the condenser. The distillate is discarded. ‘This operation 
removes the catalyst and the water together with any dimethyl! malate 
present. However, the greater part of the malic acid has been converted 
into complex products of dehydration which form oils and tars that do not 
distil under the conditions. Esters and dehydration products of citric acid 
also remain undistilled. 

Isolation of Crude Dimethyl Isocitrate Lactone—The viscous black residue 
in the flask (about 31 gm.) is transferred with the aid of hot absolute ethy! 
alcohol to a beaker with a total volume of 150 ml. Norit equal to 10 per 
cent of the weight of the residue is added and the boiling solution is filtered 
in a steam-jacketed funnel through Whatman No. 4 paper moistened with 
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water. Filtration is often slow and the heated funnel is necessary. The 
norit is washed with a total of 100 ml. of hot alcohol and the dark colored 
but clear filtrate is chilled overnight, being stirred occasionally. The buff- 
colored crude product which crystallizes is then filtered, washed with cold 
absolute alcohol, and dried at 70°; about 12 gm. (melting point in range 
from 99-105°) are obtained. An additional small but equally pure crop 
can be obtained by concentration of the mother liquor. The total yield 
should be about 13 gm., the equivalent of about 60 per cent of the isocitric 
acid present in the original alcohol extract of the tissue. The balance of the 
isocitric acid is present as compounds that cannot be brought to crystallize. 

Purification of Dimethyl Isocitrate Lactone—The crude product is ground 
to a fine powder and dissolved in 7.5 times its weight of hot water at a tem- 
perature that should not exceed 90°. After all but a little residual tar is in 
solution, one-fifth of its weight of norit is added together with a little Celite 
and the solution, after a short digestion period at 90°, is filtered on a steam- 
jacketed funnel, the residue being washed with hot water. After being 
chilled overnight, the colorless crystals are filtered, washed with ice water 
followed by cold alcohol, and are dried at 70° or in air at room temperature. 
The recovery is 77 to 8O per cent of material that melts between 104—106°. 
Asmall second crop that raises the yield to 83 to 85 per cent can be obtained 
from the mother liquor by evaporation to one-tenth its volume. If this 
crop has a low melting point, it is recrystallized from hot absolute alcohol. 
Different preparations gave specific rotations in methyl alcohol solution in 
the range from —63° to —65°. After saponification, the specific rotation of 
the free acid in water in the presence of ammonium molybdate was —362 
+ 4° as the mean of seven determinations on three pools of from one to ten 
preparations each, in agreement with an earlier figure of —363° ‘5) obtained 
as the mean of observations on a small number of preparations. As further 
evidence of identity, 0.100 gm. each of a series of five preparations was 
saponified in the presence of excess 0.1 N sodium hydroxide by being heated 
on the steam bath for 15 minutes. Titration to phenolphthalein showed 
that from 14.80 to 14.85 ml. of alkali were neutralized. Multiplied by the 
factor 67.38, these figures show that the purity was in the range 99.7 to 
100.1 per cent. 

Tsocitric Acid Lactone-—Al\though the dimethyl ester of the lactone is the 


‘When pure isocitric acid is carried through the same series of operations, the 
yields of dimethyl isocitrate lactone were from S80 to 90 per cent. The reasons for 
the lower yields secured when the mixture of acids in tissue extracts is esterified are 
being investigated; under these circumstances, reactions more complex than simple 
esterification seem to occur. The desirability of using tissue samples collected in 
the afternoon at the time of Iow malice acid content is obvious in the light of the 
behavior described. 
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most desirable compound of isocitric acid for isolation purposes (2) and is 
also to be preferred as a form in which to preserve the substance, occasions 
may arise in which the lactone itself may be needed. ‘To obtain this, 20 gm. 
of the ester are boiled with 200 ml. of 3 ~ hydrochloric acid under a reflux 
condenser for 6 hours. The lactone ring is opened by acid hydrolysis but 
closes again during the dehydration of the sirup. Hydrolysis is accom- 
panied by slight decomposition. The solution is treated with 5 gm. of 
norit, filtered, and concentrated in vacuo to a sirup, heating being then 
continued until the sirup solidifies. The hard cake of crystals is broken 
up, transferred to a dish in a vacuum desiccator over drierite and a dish of 
solid sodium hydroxide. ‘The desiccator is evacuated and placed in the 
oven at 105° for 2 hours and then at room temperature for an additional 48 
hours, when all hydrochloric acid will have been absorbed. The crude 
lactone weighed 17.1 gm. (theory 17.3 gm.), sintered at 141°, and melted at 
148°. Titration showed that 94 per cent of the material was present as 
lactone while, after saponification with alkali, 97 per cent was present as 
isocitric acid. Purification is effected by recrystallization from hot chloro- 
form, the recovery being about 91 per cent. The purified lactone sintered 
at 148° and melted at 152-153°. It gave no depression of melting point 
when mixed with a highly purified specimen of melting point 153-154°. 
After hydrolysis with alkali, the specifie rotation of the isocitric acid in the 
presence of ammonium molybdate was —366°. 

The optically active lactone, in contrast with synthetic dl-isocitric 
lactone (12), is far too soluble in ethyl acetate for this solvent to be used for 
erystallization, even when toluene is added. The recovery from the 
mixed solvents used in equal volumes was only about 60 per cent. 

Tsocitric Acid—To prepare a solution of the sodium salt of isocitric acid 
for experimental purposes, the desired quantity of the methyl ester of the 
lactone is dissolved in water and a small excess over the calculated quantity 
of standard sodium hydroxide solution is added. The solution is heated 
on the steam bath until methy! alcohol is expelled and is neutralized to the 
desired pH. The lactone may be converted to the acid by a similar 
procedure. 

DISCUSSION 

The efficiency of the extraction of the acids from the dry leaf tissue by the 
procedure advocated may be judged from the data of Table I. Although 
less effective than extraction of the acidified tissue with ether, as in the 
analytical determination of total organic acids (13), hot alcohol is much to 
be preferred to water for practical work on the present scale, since such 
components as inorganic salts and pectins are not dissolved. Acidification 
is necessary to liberate the acids from their salts. 
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Table II shows the approximate composition of a num’der of lots of crude 
dimethyl isocitrate lactone, each analysis referring to a pool of several 
preparations. ‘The individual preparations were made from quantities of 


TABLE I 
Organic Acids of Bryophyllum Leaf Tissue 
The figures refer to 200 gm. samples of tissue harvested in the afternoon of sunny 
days. 


B. fedtschenkoi | B. calycinum 
| | Alcohol extract | Alcohol extract 
gm. gm. | per cent | gm. | gm. cent 
Total acids | 54.71 | 47.06) 86 | 36.46 | 32.07 | 88 
Citrie acid 4.61 |, 4.29; 98 | 2.43; 2.638; 96.5 
a _.| 15.80 | 15.28 | 96.7 | 8.64) 8.38) 97 
Jsocitric acid (by difference) * | 34.3 | 27.5 | | 25.1 | 21.1 | 84 


* Calculation by difference involves the assumption that no other acids are pres- 
ent. It has been shown for B. calycinum that the total quantity of other acids is in 
fact small (5). 
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Composition of Crude Dimethyl Isocitrate Lactone from Two Species ¢ 
Bryophyllum Leaves 
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| | Composition of pooled 


Limits of crude ester 
V0, 0 | d m.p. of Pa Yield of 
prepa- vield of | 
Species individual! | Di- pure 
| rati crude prepara- | +h | | entert 
im pool | ester tions |. methyl | methyl | 
tsocitrate 
lactone | citrate | malate 
| 
| per cent | "C. per cent per cent | per cent | per cent 
B. fedtschenkvi | 100-105 | 89.9 | 1.31 | 6.29 | 52.6 
2 63.7 | 103-105 | 96.2 | 0.52 | 2.88 | 52.9 
63.6 | 1-104 0.66 | 5.27 50.9 
B. calyctnum | t | 59.0 | 99-104 | SOS | 0.83 | 3.32 47.0 
| 6 | 54.6 | 101-105) 838 | 1.33 | 3.58 | 45.0 


*Yield calculated from isocitrie acid content of dry tissue as obtained by 
difference. 

t The various samples melted fairly sharply beween 104-106°; the specifie rota- 
tions in methyl aleohol were from —63° to —65°, and the specific rotations in the 
presence of ammonium molybdate after saponification averaged —362 + 4°. 


dry tissue that ranged from 40 to 200 gm. each. ‘The analyses, particularly 
those of the preparations from Bryophyllum calycinum, do not account for 
the whole of the material because of the presence of tar-like impurities. 
The proportion of dimethy] isocitrate lactone was calculated from obser- 
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vations of the rotation in the presence of ammonium molybdate after 
saponification, the influence of the small proportion of malic acid being 
neglected. Malic and citric esters were determined by the usual methods 
after saponification. 

The final yields of purified dimethyl isocitrate lactone shown in the last 
column of Table II were computed from the isocitric acid content of the 
alcohol extracts. Inasmuch as this quantity was obtained by difference, 
no allowance being made for the presence of other organic acids, the figures 
shown are doubtless underestimates. 

The chief problem in the preparation of isocitric acid from natural sources 
is the separation from citric acid which invariably accompanies it. Frace- 
tionation of the ethyl esters has been found to be extremely inefficient 
because of the similarity in boiling points (5); nor can the methyl esters 
secured after lactone formation and esterification with hydrogen chloride 
as catalyst be separated by fractional crystallization save at the expense of 
serious losses. Only from 15 to 30 per cent of the isocitrie acid present 
could be isolated in this way as dimethyl isocitrate lactone, the balance of 
the acid being present in uncrystallizable oils that were found to be rich in 
trimethyl isocitrate. The lactone itself cannot be used for isolation because, 
unlike the synthetic material, the optically active natural substance does 
not crystallize well in the presence of impurities. However, the dimethy] 
ester (2) has excellent properties. 

The use of boron trifluoride etherate as catalyst of the esterification of 
isocitric lactone solved the problem of obtaining moderately good yields of 
the ester, it being possible with this catalyst to esterify pure preparations 
of both the optically active and the synthetic lactone with yields approach- 
ing 90 per cent, although none whatever was secured from synthetic dl- 
lactone when hydrogen chloride was used. Nevertheless, boron trifluoride 
cannot be successfully used to catalyze the esterification of citric and malic 
acids. With citric acid, a yield of only 40 to 50 per cent of trimethy! citrate 
was obtained, while malic acid yielded only traces of ester. Furthermore, 
since dimethyl malate distils at about the same temperature as boron tri- 
fluoride dihydrate, separation is difficult. After such esterifications, the 
greater part of the malic acid was present as a viscous oil that did not distil 
at a bath temperature as high as 250° at 5 to 7 mm. pressure. Although 
the oil was acid in reaction, very little was soluble in water and only a small 
proportion of free acid groups was present. After saponification, about 76 
per cent of malic acid was present in the oil together with 4 to 5 per cent of 
fumaric acid, which was isolated by fractional crystallization and identified 
by the melting point (179-180°) of the benzylthiouronium salt (14). Boron 
trifluoride clearly acts upon malic acid as a strong dehydrating reagent. 
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This observation explains why only traces of dimethyl malate are 
observed during the distillation of the boron compounds from the esters 
and accounts for the pigmented tars found as contaminants of the crude 
dimethyl! isocitrate lactone. It also accounts for the presence of small 
quantities of fumaric acid frequently observed in the mother liquors of 
the crystallization of the lactone ester after saponification. Dimethyl 
fumarate sublimes at 100° and melts at 103-104°. If present as a con- 
taminant of dimethyl isocitrate lactone, the melting point of this substance 
is greatly depressed. Accordingly the melting point of the crude isocitric 
acid derivative is an important criterion of purity and, together with the 
optical properties, serves as evidence of freedom from dimethyl] fumarate. 
However, no case has yet been encountered in which dimethyl fumarate 
separated along with the isocitrie acid derivative. 

The present observations suggest that boron trifluoride etherate, although 
uniquely valuable for the isolation of isocitrie acid, should not be used as a 
catalyst of esterification where the interest is centered upon the recovery 
of malic or citric acids. 


SUMMARY 


A method is described to prepare optically active d-isocitrie acid from the 
dry leaf tissue of Bryophyllum fedtschenkoi or Bryophyllum calycinum 
collected in the afternoon of sunny days at the time of low malic acid con- 
tent. ‘The organic acids are extracted with hot diluted alcohol and pre- 
cipitated as barium salts. After liberation from the salts, the aqueous 
solution of the acids is concentrated to a sirup which is heated to convert 
isocitric acid to its lactone. Esterification with methyl alcohol in the 
presence of boron trifluoride etherate as catalyst yields the levorotatory 
trimethy! isocitrate lactone which is isolated by crystallization from hot 
ethyl aleohol and purified by recrystallization from hot water. Approxi- 
mately half of the isocitric acid calculated by difference to be present in the 
extract is obtained as pure dimethyl] isocitrate lactone. The failure to 
obtain higher yields may be in part ascribable to complex dehydration 
reactions that occur during the esterification of the mixture of acids in the 
presence of boron trifluoride. Nevertheless, boron trifluoride is much to 
be preferred to hydrogen chloride for this special purpose. 

Dimethy! isocitrate lactone is the most desirable derivative of d-isocitric 
acid both for isolation and for storage. It can be converted with little loss 
into the free lactone by hydrolysis with hydrochloric acid or into isocitrate 
without loss by saponification with a slight excess of alkali. 

Observations are recorded on the complex reactions which occur when 
malic acid is esterified with boron trifluoride etherate as catalyst. 
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Since both cevanide and azide have been shown to block the oxidation of 
cytochrome ¢ by cytochrome oxidase (1), it has been generally accepted 
that the toxicity of these substances is due to this property. A considera- 
ble amount of evidence has accumulated, however, indicating that azide 
and cyanide do not inhibit respiration in a parallel manner under all con- 
ditions. Thus Stannard (2) was able to demonstrate that only a fraction 
of the respiration of stimulated frog muscle is sensitive to azide and that 
the azide-insensitive fraction is identical with the respiration of the resting 
muscle. Both resting and activity respiration, on the other hand, are 
completely inhibited by cyanide. 

Fischer, Henry, and Low (3) found similarly that the extra respiration 
resulting on fertilization of the sea-urchin egg is inhibited by azide, while 
the respiration of the unfertilized egg is not azide-sensitive. With respect 
to the action of cyanide on this system there is some confusion, some 
workers (4, 5) having reported that the respiration of the unfertilized egg 
is cvanide-insensitive. However, Robbie (6) attributes these findings to a 
failure to maintain the cyanide concentration in the manometric experi- 
ments and to a secondary oxygen uptake induced by the higher concen- 
trations of cyanide. He presents evidence indicating that the respiration 
of both the unfertilized and fertilized egg is eyanide-sensitive. 

To account for this fundamental difference in the effect of cyanide and 
azide on respiration, it has been postulated that an alternative pathway, 
independent of the eytochrome-cytochrome oxidase system, accounts for 
the azide-insensitive resting respiration (2, 5). Thus far, however, no 
evidence has been presented as to the nature of this pathway. Horecker 
and Kornberg (7) have demonstrated that ferricytochrome c¢ combines 
with eyanide ion under physiological conditions, and it became of interest 
to study the action of azide on this substance, since with the isolated 
compound the quantitative as well as the qualitative aspects of the re- 
actions could be examined, 


EXPERIMENTAL 


(Cytochrome c “Vhis was prepared from calf heart by the recently modi- 
fied method of Keilin and Hartree (8). ‘The Fe content of this prepara- 


v= 
4 
} : 
& 
| 
3 
4 
#2 
é 
a 
4 
H 


590 CYTOCHROME C-AZIDE COMPLEX 


tion as determined by the method of Delory (9) was 0.33 per cent. The 
cytochrome c solutions were acidified to pH 4.0 with 0.1 N HCI and aerated 
to insure complete oxidation before neutralization and addition of buffer 
for each experiment. 

Azide Solutions—Azide solutions were prepared from Kimer and Amend 
sodium azide and diluted in 0.05 mM phosphate buffer unless otherwise 
indicated. 

Succinic Dehydrogenase—This was prepared from rat heart by grinding 
with sand in 2 volumes of M/15 Naz,HPO, and centrifuging lightly. 

Spectrophotometry—The spectrophotometric measurements were made 
with the Beckman spectrophotometer, with a spectral band width which 
varied from 7 A in the blue to 30 A in the red and infra-red. ‘The con- 
centration of the evtochrome c solutions was determined at 5500 A after 
reduction with NaS.O,; and calculated with the extinction coefficient of 
2.80 & 104 (concentration in moles per liter). ‘The values obtained were 
in agreement with those predicted from the Fe content. When concen- 
trated solutions of sodium azide were prepared, these were found to have 
a slight yellow to red color and appropriate blank measurements were 
made to correct the absorption. All measurements were made in cells 
having a length of 10.0 mm. 


Absorption Spectra 


Azide was found to form a well defined complex with ferricytochrome ¢ 
with a spectrum differing significantly from that of free cytochrome, as is 
shown in Figs. 1 and 2. The point of maximal absorption is shifted from 
5300 to 5400 A, an even greater shift than is observed with the cyanide 
complex, and a small new band appears at about 5700 A.) The band for 
ferricytochrome c at 6925 A?! is absent in the azide complex, as it is in the 
cyanide complex, but below 6500 A the absorption is increased. The 
extinction coefficients for the azide complex were calculated from data 
obtained with solutions containing 0.16 and 0.67 M sodium azide, for 
reasons indicated in the following section. 


Dissociation Constant 


Two wave-lengths, 6950 and 6300 A, at which the azide complex differs 
greatly in absorption from the free cytochrome c, were used for the deter- 
mination of the dissociation constant. Fig. 3 shows the effect of increasing 
concentration of azide on the calculated extinction coefficients. At 6950 A 


1 In a recent review Theorell (10) has confused this band with some previously re- 
ported by Bigwood, Thomas, and Wolfers (11). These authors described bands at 
6400 to 6450 A and at 6750 A, which were obtained with ferricytochrome c only in 
alkaline sclution and which are evidently distinct from the band at 6925 A. 
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CYANFERRICYTOCHROME C 
— AZIDEFERRICYTOCHROME C 
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Fic. 1. Absorption spectra of eytochrome ¢ and derivatives. 


3.2 * cell length, 10.0 mm. 


5500. 


be ———— FERRICYTOCHROME C 

4 ‘ CYANFERRICYTOCHROME C 


015 


‘ 
2 \ 
xO10 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
~ 
~ ~ 
6500 7500 


7000 
WAVE LENGTH (A) 


591 


Concentration, 


Fic. 2. Absorption spectra of cytochrome c and derivatives in the red region. 
Concentration, 3.2 X 10°‘; cell length, 10.0 mm. 
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A there is a progressive decrease in absorption and at 6300 A a progressive 
increase, in both cases approaching asymptotic values which represent the 
extinction coefficients of the azide complex. However, in the very con- 
centrated azide solutions required for complete formation of the complex, 
secondary effects, such as the formation of turbidity, interfered with the 
accurate determination of the extinction coefficients. These were ob- 
tained by a graphical method. 
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Fic. 3. Effect of azide on apparent extinction coefficients of ferriceytochrome ¢. 
All solutions were diluted in 0.05 «« phosphate buffer. 


The rectangular hyperbolae shown in Fig. 3 may be represented by 
Mquation 1, 


(N,) 
K + (N,) 
Where €omplexs €rees ANA €ohserved the extinetion coefficients for the 
complex, the free ferricytochrome ¢, and the mixtures, respectively, (Ns) 
is the concentration of azide ion, and A the dissociation constant. From 
the reciprocal of Iquation | a linear relation is obtained, 
A 


€complex €observed €complex (N,;) €complex €free 


as is shown in Fig. 4. Ae denotes the change in extinction coefficient 
produced by addition of azide. From the intercept the extinction coefti- 
cient of the complex may be calculated and from the slope the value of 
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the dissociation constant. At the two wave-lengths, values for the dis- 
sociation constant of 0.16 and 0.14 were obtained. 

In Fig. 5 the experimental points are fitted to the theoretical curve for a 
dissociation constant of 0.15, with 1 mole of azide ion assumed to combine 
with 1 of evtochrome ¢. Also shown are values calculated on the basis of 
the hvdrazoie acid (TIN;) concentration calculated from the hydrolysis of 
the azide ion, with a value for the dissociation constant of HN; of 1.9 X 
10° (12). In the pH range from 5.9 to 7.8 the points calculated on the 
basis of azide ion are in agreement with the theoretical curve, while on 
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hic. 4. Graphical determination of the extinction coefficients of azide-ferricyto- 
chrome ¢ and the dissociation constant. 


the basis of hydrazoie acid the points at each pH form a distinet set. It 
is thus concluded that, as in the case of cyanide, ferriceytochrome ¢ com- 
bines with | mole of azide ion. 
Reversibility 

In order to establish that a true reversible equilibrium is reached when 
azide reacts with cytochrome c¢, the effect of succinic dehydrogenase on 
the complex was studied. At a concentration of Ny of 0.1 M, all of the 
cytochrome ¢ is completely reduced in a few minutes, despite the fact that 
40 per cent of the oxidized cytochrome is combined with azide. At some- 
What higher azide concentrations the same general picture is observed, 
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although at concentrations high enough to bring about complete forma. 
tion of complex the dehydrogenase is inhibited as well, so that no reduction 
is observed. This inhibition of succinic dehydrogenase is apparently 
similar to that observed by Potter (13) for chloride ion, and is obtained 
with sodium chloride and sodium nitrate as well as with sodium azide. 


Effect of Azide on Autoxidation of lerrocytochrome c 


Although azide did not produce any changes in the absorption spectrum 
of ferroeytochrome c, it was found to accelerate the autoxidation of this 
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Fic. 5. Dissociation curve for azide-ferricytochrome c. The line represents the 
theoretical curve for a dissociation constant of 0.15, with 1 mole of azide assumed to 
combine with 1 mole of ferricytochrome c. 


substance markedly, as is shown in Table I. This effect on the rate of 
autoxidation was suggestive of the formation of an azide-ferrocytochrome 
c complex, with a decreased oxidation-reduction potential, but was subse- 
quently concluded to be due to the catalytic action of anAron-azide com- 
plex formed from traces of inorganic iron. From Table I, it will be seen 
that added iron has a promoting effect on the azide catalysis, while iron 
in the absence of azide is without effect. 

The ferric-azide complex is responsible for the color of concentrated 
azide solutions previously mentioned, and exhibits an absorption maximum 
at 4250 A. On reduction the color and absorption band disappear. From 
the change in absorption at 4250 and 5500 A, it was established that there 
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is an instantaneous and quantitative reaction between the ferric-azide 
complex and ferrocytochrome c, following which, in the presence of air, 
the iron-azide complex is reoxidized; the rate of this step determines the 
over-all rate of ferrocytochrome ¢ oxidation. ‘Thus the alternate reduction 
and oxidation of the iron-azide complex brings about the complete oxida- 
tion of ferrocytochrome c, even though the iron is present in only minute 
quantities. 


Taste I 
Effect of Sodium Azide and Iron on Autoridation of Cytochrome c 


Experiment No. NaNs Fe | Rate of autoxidation 


mole per | per ce. | k* 104 

1 0 0 5 

0.03 | 0 9 

0.33 | 0 90 

1.00 0 | 890 

2 0 0 20 

| 0.10 | 0 | 127 

0.10 1.33 : 1000 

3 0 0 Bi 

' 0 1.33 15 


* First order reaction velocity constant as defined in the succeeding paper. 


TABLE II 
Comparison of Azide and Cyanide Ferricytochrome c Complezes 
Azide Cyanide 
Dissociation constants at 25°, mole per l. 0.15 ' 2x 10-6 
% ferricytochrome c as complex at equilibrium at 0.6 87 
26°, pH 7.4 in 0.001 m KCN or NaN; 

Rate of formation Fast Slow 
pH effect Absent Present 


— 


DISCUSSION 


In Table I] the properties of the azide complex are compared with 
those of the cvanide complex as previously reported (7). While cyanide 
forms a stable complex with a dissociation constant of 2 K 10-%, the rate 
of formation is slow; only half the cytochrome c¢ is combined after 60 
minutes in 0.001 m KCN at 25°, pH 7.4. On the other hand, the azide 
complex is much less stable, with a dissociation constant of about 0.15, 
but equilibrium is reached within the 30 seconds required for the spectro- 
photometer reading. 
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It is interesting to note the fraction of the ferricytochrome ¢ which js 
combined at pH 7.4 in 0.001 M inhibitor at 25°, since these conditions are 
frequently used in studies mm vivo. While formation of the evanide com. 
plex at equilibrium is almost complete, 87 per cent, practically none of 
the ferricytochrome ¢ would combine with azide. 

The effect of pH on the degree of complex formation in azide and jy 
evanide is to be compared with the pIl effect observed on the action of 
these inhibitors in vivo. The pH effect is absent in the range from 5 to 8 
in the case of azide and present in the case of cyanide, indicating again 
that it is the ionic form of these substances which combines with the 
eytochrome c. Thus in the case of azide the concentration of the ionic 
form does not change appreciably with pH, since even at the acid end of 
the range practically all of the salt is ionized. In the case of cyanide, 
however, hydrolysis in the pH range studied is practically complete; in 
this case variations in pl produce large changes in the concentration of 
evanide ion. These observations are not in accord with the pl effect 
observed in vivo, as is discussed in the succeeding paper. 

The effect of azide on the oxidation of ferroeytochrome ¢ suggests the 
possibility of a similar catalysis occurring in studies of the azide inhibition 
of respiration. ‘To what extent this catalytic mechanism is able to replace 
the cytochrome oxidase system remains to be determined, but it should 
he considered whenever the inhibition of respiration by azide is incomplete. 

It has been established that the affinity of evtochrome ¢ for azide is 
very much less than for cvanide. Thus an alternative pathway of respira- 
tion might involve an iron-containing catalyst with similar affinities. 
In order for cytochrome c¢ itself to account for the differential effects of 
azide and cyanide, it becomes necessary to introduce a cyanide- and azide- 
insensitive mechanism for the oxidation of ferrocytochrome ¢. ‘The shift 
from resting to activity respiration would then involve an activation of 
the powerful cytochrome oxidase system, as has previously been suggested 
(2,5). The activity respiration would thus be sensitive to both cyanide 
and azide, while only cyanide by combining with ferrieytochrome ¢ would 
affect the resting respiration. I:xperimental verification of this hypothe- 
sis must await the demonstration of an oxidative enzyme with the required 
characteristics. 

SUMMARY 


1. A complex is formed between ferricytochrome ¢ and azide ion which 
contains | mole of azide ion per mole of cytochrome ¢. ‘The complex is 
rapidly formed, but much less stable than the evanide complex. 

2. The absorption maximum is shifted from 5300 to 5400 \ on formation 
of the complex and marked changes in absorption are observed in the red 


region. 
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8. The dissociation constant as determined spectrophotometrically is 


0.15 at 25°. The formation of the complex is reversible. 


4. The properties of the azide complex are compared with those of the 


evanide complex and the possible physiological significance is discussed. 
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Differences in the action of the commonly employed respiratory in- 
hibitors, cyanide and azide, have been described in studies on a number of 
tissues and microorganisms; e.g., resting and active frog muscle (1, 2), 
mammalian salivary glands (3), embryonic fish hearts (4), and yeast (5). 
More recently differences in the action of these substances on the oxidation 
of various substrates by cell-free tissue preparations have been noted (6). 
Many of these findings and their interpretation were reviewed by Stotz (7) 
and Goddard (8) and specific examples were outlined in the preceding paper 
(9). 

As a possible mechanism to account for these differences in the action of 
eyanide and azide on respiration, it has been postulated that a different 
pathway of metabolism, independent of the cytochrome-cytochrome 
oxidase system, may account for the azide-insensitive, cyanide-sensitive 
respiration. As discussed in the preceding paper, the possible nature of this 
pathway is still unclear, although it is not difficult to find examples of 
systems with these characteristics (6, 10). 

As an alternative to the separate pathway hypothesis, Ball (11) has 
proposed that the oxidation-reduction potentials of the azide and cyanide 
complexes formed with cytochrome oxidase may be sufficiently different to 
account for the results. Specifically it was postulated that azide might 
combine with both the ferro and ferri forms of the enzyme, thus stabilizing 
the potential at a level sufficiently above that of cytochrome c to permit 
oxidation of the cytochromes at a diminished rate. In the presence of 
cyanide, on the other hand, the potential of the cytochrome oxidase system 
would be too low to allow any oxidation. Since cytochrome oxidase has 
not yet been isolated, direct measurement of the oxidation-reduction 
potentials is impossible and no experimental verification of Ball’s sugges- 
tion is possible. However, it is clear that more fundamental study of the 
mode of action of these inhibitors, especially on cell-free preparations, is 
required. ‘The present study was initiated with this general objective in 
view, and specifically to observe the effects of azide and cyanide on the 
oxidation of ferrocytochrome c measured spectrophotometrically. 
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LXPERIMENTAL 


Enzyme Preparations—~Vhe majority of the experiments were carried out 
with a cytochrome oxidase preparation of rat heart, similar to that of 
Stotz and Hastings (12), except that the washings preceding the extraction 
were omitted. This preparation was found to be free of intact cells and 
could be pipetted readily. It was usable with some loss of activity for about 
2 weeks if kept refrigerated. This was diluted 1: 100 to 1:5000 in appro- 
priate buffer, the dilution needed being determined by the pH and, to a 
lesser extent, the age of the preparation. 

Rat brain and frog skeletal muscle were prepared as 2 per cent homoge- 
nates in distilled water with a Waring blendor, according to the technique 
described by Albaum, Tepperman, and Bodansky (13). 

All enzyme preparations were kept iced at all times until pipetted into 
the absorption cells. 

Reagents— The bufiers used were 0.05 M phosphate (S¢rensen), McIlvaine 
type, or 0.1 Mborate (pH 9to9.1). The nature of the buffer altered some- 
what the absolute rates of reaction at constant pH (the rates in phosphate 
buffer were higher than in Mell vaine’s buffer at neutrality but lower at pH 
values below 6.5). However, the effects of azide and cyanide were inde- 
pendent of the nature of the buffer used. 

Cyanide solutions were prepared fresh for each experiment from Baker's 
reagent grade KCN by use of volumetric flasks arranged to have only a 
negligible gas space when brought to volume. — Stock solutions were made 
up in 0.1 N NaOH and dilutions from these prepared and adjusted to the 
desired pH just before the test. This procedure was found to minimize 
loss of HC'N from the very dilute solutions employed in the final stage. 

Sodium azide solutions were freshly prepared each day im the appropriate 
buffer. 

Cytochrome ¢ was prepared as described in the previous paper and esti- 
mation of its concentration and purity carried out in the same manner. 
Before use in the spectrophotometric test system a dilute solution was 
deoxygenated with previously purified nitrogen, reduced with a minimal 
quantity of NagSsQ,, and any excess hydrosulfite removed by «eration. 
To check the possible formation of H,O. from the small excess of hydro- 
sulfite added in this procedure, preliminary tests were made in which the 
eytochrome was only partially reduced by NasSsQ,. No change in results 
could be detected. 

Spectrophotometry—The Beckman spectrophotometer was employed and 
density readings made at 5500 A as a function of time. All determinations 
with inhibitor present were paralleled by a control set prepared from the 
diluted enzyme at the same time. ‘The oxidation of ferrocytochrome ¢ was 
first order with respect to this substance, and the results are expressed as 
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the first order reaction velocity constants. n the basis of fundamental 
equations already described by Altschul, Abrams, and Hogness (14), the 
concentration of ferrocytochrome ¢ in moles per liter at any given time 
was calculated from the relation 


€ferri 
(ferrocytochrome = €ferro 
(€ferro — €ferridl 


where ( (ferrocytochrome ¢) is expressed in moles per liter, €ferro ANd € ferri 
represent the extinetion coefficients of ferro- and ferricytochrome c re- 
spectively, dNa.s.o, is the optical density after addition of a slight excess of 
hydrosulfite, and d, the optical density at any time, /. This becomes for a 
length, 2, of 1.0 em. and €ferro and €ferei eQual to 2.80 10‘ and 0.84 & 104, 
respectively, at 5500 A 

dy — 


(’ (ferroeytochrome ¢) = 
y 1.96 104 


Correction for autoxidation of ferrocytochrome ¢ was not necessary in 
most experiments, since this rate was negligible in comparison with the 
enzymatic rate. However, such determinations were included under each 
set of experimental conditions. It was noted that cyanide completely 
inhibited autoxidation, while azide at higher concentrations had a ten- 
dency to accelerate autoxidation (9). 

Manometric Experiments—-Vhese were carried out in a conventional 
Barcroft-Warburg apparatus with reaction vessels of about 7 ml. capacity. 
The thin hind limb muscles of the frog were carefully dissected the eve- 
ning before the experiment and treated as described by Stannard (1). 


Results 

hig. | illustrates the proportionality of reaction rate to concentration of 
enzyme with the rat heart preparation. The rates are strictly proportional 
except for the point at 15 & LO-® ml. of enzyme, which presented a much 
more rapid rate of oxidation than was employed in the inhibitor experi- 
ments, and which was too rapid for reliable measurement. It is con- 
cluded that the rates are sufficiently proportional to enzyme concentration 
to permit quantitative analysis of the inhibitor experiments. 

Effect of Azide- Vig. 2 presents a composite plot representing the per cent 
cytochrome oxidase activity remaining as a function of the concentration of 
Nz and of undissociated acid, ITN; , at a series of pH values. Fig. 2 con- 
tains points obtained for the rat heart preparation only, but identical 
results were obtained at pH 7.4 with a homogenate of frog skeletal muscle. 

A notable feature of the results plotted in Fig. 2 is the progression of 
apparent effect with pll if Ns ion concentration is used as the basis for 
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0.15 
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Fig. 1. Oxidation of ferrocytochrome c as a function of enzyme concentration 
(referred to the original enzyme preparation); pH 7.4, temperature 25°. 
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Fic. 2. The effect of azide on cytochrome oxidase activity as measured by oxida- 
tion of ferrocytochrome c in a rat heart preparation. The solid line is calculated 
from the mass law as described in the text, assuming a dissociation constant of 
7 X 10-7; temperature 25-26°. 


comparison. Thus the solid symbols fit no single curve but would form a 
family of curves progressing to the left with decreasing pH. As a result 
there is a nearly hundred-fold difference in the N3~ ion (and NaN;)! con- 


1 Since the free acid is always a relatively small fraction of the total azide in the pH 
range employed (0.17 at pH 5.4, 0.002 at pH 7.4), the relationship of effect to total 
NaN; and to N; is very similar. 
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centrations required to produce a given effect as the pH progresses from 7.4 
to 54. Actually this only reflects quantitatively the change in free acid 
concentration and suggests strongly that inhibition is proportional to the 
HN, concentration. This is completely borne out by the good fit to theory 
(Fig. 2) obtained when computation is based upon the HN; concentration. 
For these reasons, the dissociation constant and other characteristics are 
reported on the basis of a reaction between the free acid (HN;) and the 


| f° @ BRAIN pH7O 
80 
° | 
| 
z 
4 ; 
60. 
~ | 
| 
40. 
< a 
a = 0 
| 
a | 
a 4 
aT 0 -8 -6 -4 


LOG |HCN! OR 
Fic. 3. The effect of cyanide on cytochrome oxidase activity of rat heart and brain 
preparations. The open symbols represent HCN concentrations, the solid symbols 


(N~ concentrations. The solid line is derived from the mass law as described in the 
text, assuming A for the enzyme-HCN complex = 5 © 1077; temperature 25-26°. 


enzyme. Asis indicated in the legend, the curve titted to the open symbols 
isa theoretical one derived from the mass law and represents the expression 
(Free enzyme) (HN,)" = K 
(Combined enzyme) 

where (free enzyme) is the fraction of «activity remaining (combined 
enzyme), the fraction of activity inhibited, ~ the number of molecules of 
azide combining with each enzyme molecule (or active group), and K 
the dissociation constant of the enzvme-azide complex. In these caleula- 
tions the dissociation constant of HIN; was taken as 1.9 & 107-5 (15), n = 1, 

A=7 X 10-7. 
E fleet of Cyanide big. 3 presents a composite graph for experiments in 
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Which the influence of cyanide on the enzymatic oxidation of ferrocyto. 
chrome c was determined at several H* ion concentrations. Rat heart and 
brain homogenates were employed as sources of the enzyme. ‘The activity 
remaining is plotted as a function of log (CN~ ) or log (HCN). 

In spite of the precautions outlined in the experimental section for 
handling KCN solutions, the variability observed in these experiments was 
somewhat greater than in those with azide. Hence a larger number of tests 
wasmade. It is clear, however, that the effect of evanide on both heart and 
brain preparations closely parallels that described above for azide. The 
points based on cyanide ion form a family of curves as a function of pH, 
while those relating effect to free HCN concentration fit reasonably well g 
theoretical curve derived from the mass law in the manner described above 
for azide. The dissociation constant for the enzyme-HCN complex jis 
5X 10-7 andn = 1.2 Thusthe similarity in the action of azide and cyanide 
is marked and extends even to almost identical dissociation constants for 
the respective enzyme-inhibitor complexes. 

Since the dissociation constant of HCN is very small (7.2 & 10>" at 
25° (15)), most of the cyanide is present as HCN except at the most alkaline 
pH. Asa result there is very little difference in the inhibitory action of a 
given total KCN concentration at various pH values in the physiological 
range, a superficial contrast with the marked pH dependency seen with 
NaN;. This same contrast has been observed in intact tissue studies (4). 
The basis for the phenomenon in vifro at least is now obvious. 

Incidental to the above, it is also clear that, at pH 7.4 for example, 
eyanide will be a more effective inhibitor than azide on the basis of total 
salt at submaximal levels of inhibition. For example, at 10-4 w total salt 
and pH 7.4 the oxidase is completely bound to cyanide, but only 75 per cent 
is bound to azide. However, this is of importance only in determining the 
concentration range for exploration in experiments with intact tissues and 
does not represent a fundamental difference in action. 

Manometric Exrperiments—-A dependency of effect on pH was noted in 
Keilin’s original observations on the effect of azide on yeast respiration (16), 
and, as noted above, both the presence of pH dependency in the case of 
azide and its absence in the case of cyanide were noted by Armstrong and 
Fisher (4). On the other hand, experiments with frog muscle (1) showed 
that the resting respiration remained insensitive to azide even when the pH 
of the medium was lowered to 4.6. In these earlier experiments, the respi- 
ration of stimulated muscle was studied at a single pH. In view of the 
hypothesis that cytochrome oxidase participates only in the respiration of 

* The scatter of points in the cyanide tests necessitated trials of lines calculated on 
the basis of n = 2and n = 3, but the fit of these latter was obviously poorer than with 
n= 1. 
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stimulated muscle, a check of the effect of azide on the activity respiration 
at various pH values was considered of interest for comparison with the 
results in vifro already outlined. 

Accordingly, the effect of selected NaN; concentrations on the oxygen 
uptake of frog muscle stimulated by immersion in 0.035 per cent. caffeine 
(cf. (1)) was determined as a function of pH of the medium over the range 
74to5.4. The results are summarized in Table I. 

It is clear that there is a marked pH dependency in the effect of azide on 
the respiration of caffeinized frog muscle. Also it will be noted that the 
inhibition is not complete even at the lowest pH, since total respiration, not 


TABLE | 
Inhibition of O; Uptake of Caffeinized Frog Muscle by Azide at Various pH Values 


Initial Oxygen uptake (Jo,)* | Per cent change 
pH of NaNa HN; 
medium | Controlt Ist 30 min. 2nd 30 min. Ist 30 min. 2nd 30 min. 
uw xX 104 108 | 
7.4 8.4 0.02 1.90 2.20 2.54 | +16 | +34 
8.2 0.02 1.56 1.80 2.16 | +15 | +839 
7.1 8.9 0.04 4.57 4.16 3.72 -9 | —18 
9.0 9.04 2.12 2.00 3.10 —-6 | +46 
9.0 0.04 2.56 2.62 3.08 +8 +20 
28.0 0.12 2.60 2.58 1.38 —1 | —47 
6.0 0.3 0.02 4.10 3.48 3.46 -15 , —16 
9.1 0.45 5.76 1.78 1.18 —69 —80 
0.94 2.74 1.18 0.76 | 
| 8.5 0.98 2.96 1.10 0.74 ' -63 | -—% 
5.4 | 9.5 1.61 4.84 1.46 0.72 —70 | —85 
9.5 1.61 6.98 2.26 1.44 


*Inc.mm. per mg. of wet weight per hour. 
t Before addition of azide. 


the increment due to caffeine, is reported in Table I. Since the intra- 
cellular H* concentration could not be determined, no attempt was made to 
place these data on the same basis as the spectrophotometric determina- 
tions. Also, penetration phenomena may modify the results obtained in 
experiments With intact tissues. However, the basic phenomenon is 
clearly present, and bears a close similarity to that observed in the oxidation 
of ferrocytochrome ¢ measured spectrophotometrically. 


DISCUSSION 


The experiments presented above demonstrate that the enzymatic oxi- 


dation of ferroeytochrome ¢ can be completely inhibited by both azide and 
cyanide when a spectrophotometric test system and cell-free homogenates 
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are employed, In addition, the properties of the reaction between enzyme 
and inhibitor are very similar with these two substances. There is no 
“azide-stable” fraction or other difference between azide and cyanide com. 
parable to those seen in intact tissues (1-6) or to be expected from Ball’s 
postulated behavior of the oxidation-reduction potentials of the enzyme. 
inhibitor complex (11). Unless the azide complex of cvtochrome oxidase 
behaves differently 7m vivo, it is unable to oxidize cytochrome ¢ and, there. 
fore, could not account for the residual respiration obtained in the 
presence of azide. Thus other mechanisms, possibly still involving cyto- 
chrome c, but not the oxidase, must be sought for an explanation of the 
azide-insensitive, cyanide-sensitive respiration of intact tissues. — The 
possibility that the inhibitor itself brings about qualitative changes in 
metabolism cannot be ignored (17), however, and further studies of this 
aspect with purified systems are in progress. 

The effect of pH noted with azide in yeast and other intact cells and 
described above in muscle has frequently been attributed to permeability 
phenomena because of the more ready cellular penetration, in general, of 
uncharged particles. The appearance of this same phenomenon in cell-free 
preparations indicates that the explanation in intact tissues may be, in part 
at least, characteristic of the combination between enzyme and inhibitor, 
A study of the relative réles of these two phenomena in intact cells is indi- 
cated, especially since it has been shown that certain local anesthetic bases 
enter Arbacia eggs as undissociated molecules but act in cationic form (18), 
while many barbituric acid derivatives both penetrate and act as un- 
dissociated molecules (19). 

The experiments with evanide were technically closely similar to those 
reported by Albaum, Tepperman, and Bodansky (13). Yet our results 
indicate a close agreement with equations derived from the mass law with 
/ molecule of evanide combining with | of enzyme, while Albaum et al. 
obtained a curve relating activity to log cvanide concentration, from which 
it would appear that 1 cyanide inactivates .; enzyme molecules (or active 
groups). Consequently, their experiment with rat brain was duplicated 
exactly as described except for use of double the quantity of enzyme and 
slightly lower pH, and the results shown in big. 3 were obtained. — ‘There- 
fore, we are at a loss to account for the difference between these two series 
of experiments. 

Except for the examples cited at the outset and above, it has not been 
possible to locate clear cases in the literature in which the reaction of an 
enzyme with cyanide or azide takes place with the free acid. Usually the 
form of combination is ignored, although many of the earlier studies on 
cyanide utilize terminology indicating that HCN was considered the 
uctive agent (e.g., inhibition of Atmungsferment (20), catalase inhibition 
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(2}), and peroxidase inhibiton (22)), but without formal proof or data 
which could be used for the necessary computations. 

In the preceding paper (9), and in earlier work on the cyanide-cytochrome 
¢ complex (23), the reaction of azide and cyanide with ferricytochrome ¢ 
was shown to involve the ionic forms, N3~ and CN~. Since the reaction 
with eytochrome oxidase involves the undissociated acid as shown here, the 
form of combination with ferrihemoglobin and ferrimyoglobin was con- 
sidered of interest. The magnetic moment studies of Coryell, Stitt, and 
Pauling (24) show that the reaction between ferrihemoglobin and cyanide 
involves the CN~ ion. We have confirmed this finding, using a spectro- 
photometric method, and have extended the observations to include azide 
and ferrimvoglobin.* It was clear that the Ns and CN~ are the forms which 
combine with ferrihemoglobin and ferrimyoglobin. Thus the enzyme 
cytochrome oxidase appears in a somewhat anomalous position with 
respect to hemin type compounds of established structure. Interesting 
questions are raised, thereby, as to the nature of the combining groups in 
the enzyme and the structure of the oxidase as compared with well estab- 
lished hemin compounds, 


SUMMARY 


1. The oxidation of ferrocytochrome ¢ by cytochrome oxidase prepara- 
tions from rat heart and brain and from frog skeletal muscle was followed 
spectrophotometrically, and the effects of azide and cyanide investigated. 

2. Both azide and cyanide can bring about complete inhibition of enzy- 
matic cytochrome oxidation. 

3. Application of the mass law to the action of these substances at 
various pil values demonstrates that in both cases a complex is formed with 
the undissociated acids, TIN, and HCN, while combination with ferri- 
cytochrome c, fernhemoglobin, and ferrimyoglobin occurs with the re- 
spective ions. ‘The dissociation constant for the enzyme-inhibitor complex 
was found tobe 7 & 10-7 for hydrazoie acid and 5 & 10-7 for hydrocyanic 
acid, 

4. The effect of azide on the oxygen uptake of stimulated frog muscle 
is dependent on the pHt of the medium in qualitatively the same manner as 
the oxidation of ferrocytochrome e¢ is in a cell-free homogenate. 

5. The mm retro findings are compared with the aetion of azide and cya- 
nide on intact tissues and microorganisms, 
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MICROBIOLOGICAL ASSAY OF CORN STEEP LIQUOR 
FOR AMINO ACID CONTENT 


By EARL V. CARDINAL* ann LESLIE R. HEDRICK 
(From the Department of Biology, Illinois Irestitute of Technology, Chicago) 
(Received for publication, September 29, 1947) 


The corn wet milling industry has been in operation for about 100 years 
in this country. Until large scale production of penicillin was started dur- 
ing recent years, all of the steep water, a by-product of the wet milling 
process, was disposed of as feed. Since this by-product has played an 
important rdle in the production of penicillin, a systematic analytical eval- 
uation of the nitrogenous components, such as that recently carried out by 
White ef al. (1), is in order. In these studies, some amino acids were sub- 
stituted for steep water with satisfactory results. A reasonably complete 
amino acid assay might indicate that certain other amino acids present in 
steep water are responsible for the well known stimulation of Penicillium 
by steep water. Accordingly, hydrolyzed and unhydrolyzed preparations 
were assuved for amino acids and a few other components. 


Preparation of Samples 


The steep water used for the assay of amino acids was “heavy”’ steep 
water which had been incubated and then concentrated by evaporation to 
54.2 per cent of dry solids and was taken from a tank car lot destined for 
use in the production of penicillin. Hydrolyzed samples were prepared by 
refluxing | gm. of steep water (dry basis) in 40 ml. of 6 N HCI for 18 hours. 
Most of the acid was removed by distillation and the remainder was neutra- 
lized with 5.0 ~N NaOH. The hydrolysate was then filtered and adjusted 
to the desired volume. The unhydrolyzed samples were diluted with water 
after being adjusted to pH 6.8 with 6.0 “ sodium hydroxide and were not 
filtered, since representative samples of the nitrogenous material for amino 
acid assay were wanted. Aliquots of both the hydrolysate and the steep 
Water suspension were diluted to the desired volumes for assay. 

The general analytical data for the concentrated steep water are pre- 
sented in Table I. The total nitrogen was determined by the Kjeldahl 
method (2). Amino nitrogen was determined by the Van Slyke method 
(3), and a procedure deseribed by Friedemann and Graeser (4) was followed 
for lactic acid determination. 

1 kilo of this sample of steep water, dry basis, is the concentrated ex- 
tract from 13 to 16 kilos of corn. 


* Present address, Corn Products Refining Company, Argo, Illinois. 
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Assay Procedures 


The amino acids used to prepare standard solutions tor the work reported 
were as follows: pt-leucine (Merck), pi-isoleucine (Merck), L-glutamie acid 
(Pfanstiehl), pi-valine (Lemke), pi-threonine (Merck), L-lysine dihydro. 
chloride (Lemke), L-arginine hydrochloride (Lemke), L-histidine (Lemke). 
L-proline (Merck), pi-phenylalanine (Lemke), pi-methionine (Merck), pi. 
aspartic acid (Monsanto), L-cystine (Ptanstiehl), pi-serine (Lemke), L-tyro. 
sine (Merck), and pi-alanine (Merck). Solutions of these amino acids 
were kept under toluene in the refrigerator. 

The cultures were carried on veast-dextrose-veal infusion agar.  Subeul. 
tures were made at weekly intervals and incubated for 24 hours at 37° and 
then stored in the refrigerator. The standard microbiological techniques 
of inoculation (5-7) and incubation at 37° for 72 hours were tollowed. 

The acid produced was titrated in the culture tubes with 0.05 \ NaOH 
to pH 7 with bromothyvmol blue as an indicator. The liquid was stirred 


Per Cent Composition of *‘Heary Incubated” Steep Water 

Dry substance... 54.2 
Total N, dry basis S.7 
Ash, dry basis. . 
Amino N, before hydrolysis 2.9 
pil | 3.7 
26.0 


Lactic acid, dry basis 


with air bubbles trom a capillary tube. Fach amino acid assay was carried 
out twice in triplicate tor each assay level. Each value reported in this 
paper is derived from five levels. The results are shown in Table IT. 

Leucine, isoleucine, valine, and glutamic acid were determined with Laeto- 
hactllus arabinosus \7Z-5. The medium used is described by Shankman (5). 

Threonine was determined with S/reptococeus faccalis. The basal me- 
dium of Shankman (5) was used with the exception of the tolic acid con 
centrate, Which was increased 10-fold. 

Lysine, arginine, proline, phenvlalanine, histidine, methionine, evstine, 
serine, alanine, sand aspartic ncid were determined with Lewconostoc mesen- 
teroides P-60. The medium used differed from: Dunn's Medium 1) (7) in 
the following respects: Ammonium sulfate was used instead of ammonium 
chloride and the amount of histidine was increased 5-fold. No hvdroxy- 
proline was used. For the first five amine acids in this group, the folie 
acid (Wilson Laboratories) was increased LOOO times. 

The amino scid assays of steep water in Table are ot interest tor sev- 
eral reasons. First, the total nitrogen content is almost completely ac- 
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counted for by ammonia and amino acids. Second, the large proportion 
of the nitrogen represented by alanine, glutamic acid, and arginine is of 
interest. ‘The alanine content is surprising, since it accounts for more than 
one-fourth of the total nitrogen. 

The amino acid values are presented for consideration by those who use 
steep water in microbiological substrates or as a source of certain amino 
acids. For example, the use of steep water made possible the commercial 
production of penicillin. “This may be due to the presence of certain amino 


TasLe Il 


Amino Actd Assays of Corn Steep Water 


Per cent nitrogen accounted for 


Amino acid 
| 

Leucine. . 5.86 4.380 
Isoleucine 3.40 2.80 
Arginine | | 8.23 | 
Histidine | 6.738 
Proline 4.75 | 
Phenylalanine | 2.05 | 
Methionine 1.07 | 
Cystine 1.22 
Alanine 27.70 
Tyrosine 0.7 
Ammonia’ 12.70 

Total | 95.44 


—- 


* Determined by distilling a portion of neutralized hydrolysate for 3 minutes in 
the presence of a LO per cent suspension of Mg (OM)s. 


welds in steep water. The inerease in the amino nitrogen upon hydrolysis 
trom 2.0 to 7 per cent suggests that not all the amino acids found in the 
hvdrolvsate are present as such before hydrolysis. Further evidence tor 
this belief is the lower amount of nitrogen accounted tor by the four amino 
acids in the unhvdroly zed steep water (Table 11). The presence 
of peptides is indicated. 


SUMMARY 


Amino acids determined microbiologically together with ammonia ac- 
count for over 95 per cent of the total nitrogen in concentrated steep water. 
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After hydrolysis, more than one-quarter of the nitrogen is present as alanine, 
Although arginine accounted for the next highest percentage of nitrogen, 
the glutamic acid content in terms of gm. of amino acid per gm. of steep 
water is higher. Unhydrolyzed steep water yields significantly lower ap- 
parent amino acid values than does the hydrolysate. This suggests that 
some of the potential amino acids are present as amino acid residues ip 
more complex structures, possibly polypeptides. 
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URINARY EXCRETION OF AMINO ACIDS BY HUMAN 
SUBJECTS ON NORMAL DIETS* 


By HAROLD W. WOODSON, STANLEY W. HIER, JAMES D. SOLOMON, 
axp OLAF BERGEIM 


(From the Department of Biological Chemistry, College of Medicine, University 
of Illinois, and the Research Laboratories, The Wilson Laboratories, Chicago) 


(Received for publication, October 11, 1947) 


In previous studies (1-4) we have reported on the microbiological assay 
of apparent free amino acids in dog and human plasma, sweat, and cerebro- 
spinal fluid. As a further extension of our studies on body fluids, we are 
presenting a study of the urinary excretion of fifteen amino acids in the free 
and combined form on eighteen normal human subjects on their usual 


dietary régime. 
EXPERIMENTAL 


Methods--The subjects were five female and thirteen male freshmen 
medical students, who collected 24 hour urine specimens under toluene. 
The body weights of these subjects ranged from 110 to 183 pounds, with a 
mean of 147 pounds. The subjects were on their usual dietary régime which 
gave urinary excretion values for total nitrogen, ranging from 6.3 to 18.4 gm. 
per day with a mean of 12.5 gm. The caloric intake ranged from 1372 to 
3582 calories per day with a mean of 2129 calories. Urine volumes ranged 
from 1241 to 4100 ml. per day with a mean of 1840 ml. 

The microbiological methods for the assay of arginine, glutamic acid, 
histidine, isoleucine, leucine, lysine, phenylalanine, tyrosine, and valine 
were those described previously by Hier and Bergeim (1, 2) and by Hier 
clal. (5), except that threonine and methionine were assayed with Strepto- 
coccus faccalis according to Stokes ef al. (6). Tryptophan values were ob- 
tained by the method of Dunn ef al. (7). Cystine and aspartic acid were 
assaved with Leuconostoc mesenteroides P-6O with the improved Medium D 
described by Dunn ef al. (8, 9). Proline was assayed with Leuconostoc 
mesenteroides P-(O with the medium of Barton-Wright ef al. (10). 

Small tubes (13 & 100 mm.) were used and only 1 ml. of basal medium 
was added to each tube. After the addition of standard and unknown 
solutions, the final volume was adjusted to 2 ml. and the tubes were covered 


* This work was aided by grants and fellowship awards from the Julius Rosenwald 
Fund, Graduate School of the University of Illinois, Institute of Medicine of Chi- 
cago, National Institute of Health of the United States Public Health Service, and 
the Nutrition Foundation, Inc. 
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614 AMINO ACID EXCRETION 


with aluminum caps and sterilized for 10 minutes. All other techniea! 
details have been previously described (1), except that the tubes were 
titrated with 0.02 ~ NaOH. 

For the assay of the apparent free amino acids, the diluted urine was 
used. Total amino acids, except tryptophan, were determined on seid- 
hydrolyzed urines. Total tryptophan was determined alkali-hvdro.- 
lyzed urines, 

25 mi. of urine were made 2 \ with 1:1 HeSsO, (approximately 3.2 ml.) 
and diluted to 30 ml. 5 ml. of urine were made 2.N with 12. \ NaOH (ap- 
proximately I ml.). The samples were heated in the autoclave at 15 pounds 
pressure for 5 hours. The tubes were cooled and the hydrolyzed urine 
adjusted to pELG.S, filtered, and diluted to the desired volume. 

Effect of Urinary Urea In earher studies on the assay of apparent free 
amino acids in urine, we found a definite inhibition of growth of assay 
organisms :at the dilutions used. Sinee it has been shown by various work- 
ers (11-13) that urea is bacteriostatic and bactericidal for a number of 
Gram-negative and Gram-positive bacteria, we investigated the effect. of 
various concentrations of urea on Lactobacillus arabinosus and Leuconostoc 
mesenteroides to determine at what concentration urea inhibition began. 

Inhibition of growth began at approximately 3. mg. of urea per assay tube. 
This growth inhibition was greater when the urea-containing solution was 
autoclaved at 15 pounds pressure for 10 minutes than when the trea solu- 
tion Was sterilized by filtration through « Berkefeld filter. There is some 
increase in pH upon autoclaving, but this was not great enough to account 
for the growth inhibition. Tt appears from these experiments that ures or 
ammonia, or both, is responsible for most of the growth imbibition in miero- 
biological assays of urine. Accordingly, to minimize inhibition, dilutions 


or aliquots of urine were used in most cases contaming less than 3 mg. of 
urea per tube. In the hydrolyzed urine specimens, there was no inhibition, 
since the urea Was decomposed in the autoclaving process. Dunn efal. (14) 
also found that the acid hydrolysis of urine was an effective treatment for 


the determination of total amino acids. 
DISCUSSION 


Values are reported for the fifteen amino acids in mg. per 24 hours in 
Table I as apparent free amino acids, total amino acids, combined amino 
acids, and the percentage of the total in the combined form. 

It is seen that the amino acids excreted by the different subjects show no 
significant variations in amount, although there is a wide variation in the 
type of “normal” diets, caloric intake, urine volume, and total nitrogen ex- 
cretion. Analyses were also made for uric acid, creatinine, and ammonia. 
The results are not included in the tables, since no significant correlation 


could be observed. 
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Apparent free amino acids were present in every case except for aspartic 
acid. Only one specimen contained apparent free aspartic acid. Two 
subjects did not excrete any apparent free glutamic acid. 


TABLE | 
Urinary karecretion of and “Combined’’ Amino Acids hy kighteen Subjects on 
Normal Diets 


Reported as mg. per 24 hours. 


hice Tota! (ombined 
Range Mean Range Mean Range Mean Range Mean 
Arginine 11. 0- 21.3 12.2- 23.¢ 6.6 0 24.2 
$6.2 +6.9 5.0 +7. 13.8 52.9 
Aspartic acid {)- 1.3 &87.4- 164.5 S82.7- 163.2 382.1- 99.2 
233.6 +0.6 258.8 +46.7 : 258.8 100 
(‘ystine 5.2 
138.0 425 
Glutamic acid () 49.8 102.4 $01.4 72.6- $15.6 70.0 SOLS 
2419.2 +151.4 7OS.7 100 
Histidine ISS.3 65. 4- 203.3 5.1 10.5 14.9 
378.0 +092 +101.1 123.2 34.5 
Isoleucine o.9 1.8 2.3 3.9 14.4 18.3 
D.1 #45 35.4 3003 LOO 
Leucine 21.2 3.5 12.3 29.4- 
40.0 £6.6 20.6 SLLS 
Lysine IS.2 43.6 35.6- 73.2 15.4- 23.4- I 
SS.2 +160.9 166.0 +2004 
Methionine 4.8 S.6 2.3 24.6 
3.0 15.0 +2.8 6.3 
Phenvialanine 16.4 10.3- 23.3 3.1- S.4 14.4- ao. 2 
4.0 +7.) +7.9 16.0 66.6 
Proline 3.4 8.5 23.1 42.8 1S.1- 34.3 65.1- SO). 2 
2.9 62.1 +12.9 
Threonine 12.4 24.4 14.8 53.8 31.3 41.7- .0 
£10.90 +19.5 53.8 67.9 
Tryptophan 24.6 11.2 41.4 0.6- 1.3- 41.9 
+1123 SO] 28 .3 71.8 
Tyrosine 20.8 23.4- 52.5 5.9 3$1.¢ 25.2- 4 
tla ETS 79.1 
Valine 1.5 11.0 6.1 15.3 55.4- 74.0 
4.0 +2.2 30.0 $5.6 2 100 


Values are reported for apparent free eystine only, as the values for total 
eystine were consistently lower after acid hyvdrolvsis, apparently because of 


partial destruction. 
With regard to the other amino acids determined, it is believed that most 
of the amino acids are stable under the conditions of our experiments. 
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616 AMINO ACID EXCRETION 


There is nevertheless a possibility that some racemization may have oe- 
curred in certain cases during hydrolysis in the autoclave. Only the opti- 
cally active forms of the amino acids under consideration are determined by 
the microbiological methods. 

Certain of the amino acids are excreted mainly in the combined form. 
Thus aspartic acid is present to the extent of 99 per cent in the combined 
form, glutamic acid 90 per cent, isoleucine 71 per cent, proline SO per cent, 


Comparison of Average Microbiological Values of Urinary Amino Acid Excretion 


Reported as mg. per 24 hours. 


| | | | 

Free form Total Egg oy | K ration 

Aspartic acid......... O | 190.0 | 219.9 
Se ean? | 87.7 | | 76.2 | 68.7 | 74.0 | | 
Glutamic acid... | 35.8 | 351.4 | 61.0 | 33.2 9.0 | 341.3 | 359.1 
Glycine........ | | 163.0 (1277.7 
Histidinet .... | 188.3 | 203.3 | 74.6 | 73.2 | 69.3 | 188.5 | 251.6 
Isoleucine... 5.9 | 20.3 5.0 5 $5 | 19.3 | 19.3 
Leucine... 0 13.0 31.2 | 39.1 
Lysine....... | 33.6 | 78.2 15 3.0 
Methionine... .. 2.4 2.5 4.3 11.9 22.0) 
Phenylalanine... | 16.4 | 2.3 | 4.9 7.1 | 3.2 | 32.6 | 31.8 
Proline.......... | 8.5 | 42.8 7.0 7.0 | 15.0 | 
Tyrosine. : | 20.8 | 52.5 16.5 11.0 | 14.2 | 
Valine... .. 4.5 19.8 7.3 4.1 9.2 2.9 | 36.6 


* 100 mg. on normal diet, C and Wk ration (16). 

t 250 mg. on C ration, 200 mg. on K ration, and 175 mg. on normal diet (16) 

t 12 to 30 mg. on normal diet (17), 6.9 mg. on egg or soy bean (18), 20 mg. on C 
ration and norma! diet, 40 mg. on K ration (16). 


and valine 77 per cent. Steele ef al. (15) also have reported that aspartic 
acid exists in human urine almost entirely in a bound form. High values 
were found for total glutamic acid, aspartie acid, and histidine. Interme- 
diate values for total lysine, threonine, tyrosine, proline, and tryptophan 
were found. Values for total arginine, isoleucine, leucine, phenylalanine, 
valine, and methionine were low. 

Although it is possible that many of the combined urinary amino acids 
are present in peptide combination, it also appears possible that part of 


| 
TABLE II 
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the amino acids, especially of those found largely in combined form, may 
exist in the urine as conjugates. 

A comparison of our average microbiological values with those of other 
investigators is given in Table Il. Our values for free amino acid excretion 
are higher in most cases than those reported by Steele et al. (15) for subjects 
on a diet containing either egg or soy bean as the main source of protein. 
We also found leucine present both in the free and combined form. Our 
values for total amino acids agree quite closely with those of Dunn et al. 
(14) except in the case of valine. They found lower values than ours on 
their normal diet.  Tlowever, the total valine excreted by their subjects on 
Army Wx ration was higher than on their normal diet. 


SUMMARY 


The amounts of apparent free and combined forms of fifteen amino acids 
have been determined by microbiological methods in 24 hour urines of five 
normal females and thirteen normal male subjects on their usual dietary 
régime. 

All the apparent free amino acids were found in most of the urine samples 
except for aspartic acid. ‘Two subjeets did not excrete any apparent free 
glutamic acid. 

Certain of the amino acids are excreted mainly in the combined form, 
such as aspartic acid of which 99 per cent is combined, glutamic acid 90 per 
cent, proline 8O per cent, valine 77 per cent, and isoleucine 71 per cent. 

No significant correlation could be established between amino acid ex- 
cretions and differences in urine volume, total nitrogen, uric acid, crea- 
tinine, or ammonia contents of the urines examined. 
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CYTOCHEMICAL STUDIES OF MAMMALIAN TISSUES* 


1]. ISOLATION OF INTACT MITOCHONDRIA FROM RAT LIVER; SOME 
BIOCHEMICAL PROPERTIES OF MITOCHONDRIA AND 
SUBMICROSCOPIC PARTICULATE MATERIAL 


By GRORGE HOGEBOOM, WALTER C. SCHNEIDER,t 
AND GEORGE E. PALLADE 


(From the Laboralories of The Rockefeller Institute for Medical Research, 
New York) 


PLATES 2 AND 3 


(Received for publication, October 3, 1947) 


During recent years, differential centrifugation has been employed fairly 
extensively for the isolation of cellular components that have been released 
from tissue cells by mechanical disruption of the cell membranes. One 
advantage of this procedure is that cell fractions may be obtained in suffi- 
ciently large amounts to allow extensive biochemical study. On the other 
hand, the possibility that artifacts may be produced when the cell mem- 
branes are broken must be seriously considered. These artifacts may take 
a variety of forms, including (1) morphological alteration of the intracellular 
components to such an extent that they are not readily identifiable with 
known cellular inclusions and (2) redistribution of biochemical properties 
as a result either of adsorption phenomena or of the loss of soluble sub- 
stances from particulate material. Thus, in attempts to characterize bio- 
chemically « cellular component in the isolated state, it is of the utmost 
importance to demonstrate cytologically the integrity of the cellular com- 
ponent as well as the degree of homogeneity of the preparation. 

By means of the technique of differential centrifugation a “large granule” 
fraction was isolated from rat liver (1). Concomitant biochemical studies 
showed that the respiratory enzyme systems, cytochrome oxidase and suc- 
cinoxidase, were concentrated to a pronounced extent in this fraction (2, 3), 
a finding that made it imperative to identify cytologically the cellular com- 
ponent or components under study. In’‘the latter respect, it was suggested 
that the large granule fraction consisted mainly of mitochondria inasmuch 
as the size of the granules corresponded closely to the size of mitochondria 
within the cell (1,3). It was realized, however, that this evidence was not 


* Aided in part by a grant from the American Cancer Society on the recommenda- 
tion of the Committee on Growth of the National Research Council. 

+t Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. Present 
address, McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison 6, Wisconsin. 
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CYTOCHEMICAL STUDIES. 1 


conclusive proof for the hypothesis that the granules were mitochondria, 
since the isolated granules did not possess two of the most importznt proper. 
ties shown by the mitochondria of the hepatic cell, namely a predominantly 
rod-like shape and the ability to stain vitally with Janus green B. 

As described in a preliminary report, the isolation of liver mitochondria 
that satisfied cytological criteria of integrity was accomplished by the use of 
hypertonic sucrose solutions (4) instead of the media (water and isotonie 
saline) that had been used in previous work (1-3). ‘The present report in- 
cludes a detailed deseription of the met!.od of isolation of intact liver mito- 
chondria and of some of the cytological, enzymatic, and chemical properties 
of these cellular elements. A description of certain properties of submicro- 
scopic particles isolated from the cytoplasm of the liver cell is also included, 


EXPERIMENTAL 


Cytological Studies of Rat Liver Homogenates Prepared in Different Media 


Effect of Water and Isotonic Saline—In previous experiments (1-3), the 
centrifugal fractionation of liver involved the use either of water or of 0.85 
per cent NaCl solution. The large granules freed by disruption of the liver 
cell in these two media were practically all spherical in shape. In isotonie 
saline, the granules appeared as refractive bodies 0.5 to 2 uw in diameter 
(Fig. 1), whereas in water they were much larger and paler (Fig. 2). In 
neither medium did they stain vitally with Janus green B. It was therefore 
immediately apparent that the large granule fraction isolated from saline or 
water homogenates of liver did not contain morphologically intact mito- 
chondria and that the relative proportion of mitochondrial material present 
in the fraction could not be determined by cytological techniques. 

An additional disadvantage in the use of saline lay in the fact that many 
of the large granules were seen to be agglutinated in small clumps, while 
many others were firmly attached to free nuclei. If the saline homogenates 
were allowed to stand at 0°, the extent of agglutination became pro- 
gressively more pronounced. A number of experiments indicated that 
agglutination of large granules also occurred in the presence of other electro- 
lytes, including KCI, KesO,, and phosphate butfers, and interfered to a con- 
siderable degree in the centrifugal fractionation of liver homogenates.’ Ag- 
glutination was not observed, however, in water homogenates. 

1 When all the free nuclei were removed from saline homogenates of rat liver by 
means of low speed centrifugation, an irregular and usually great proportion (40 to 
80 per cent) of the large granules, as shown by sueccinoxidase determinations, was 
found in the nuclear sediment. Attempts to improve the yield of large granules by 
resuspension and resedimentation of the nuclei were not successful, probably because 
of the tendency of the granules to agglutinate in the presence of salt. These experi- 
ments confirm and offer an explanation for observations previously reported (2). 
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Effect of Solutions of Sucrose—Although on cytological grounds neither 
isotonic saline nor water was a satisfactory medium for the isolation of 
intact mitochondria, both the above observations and experiments previ- 
ously reported (1, 3) indicated that large granules were better preserved 
morphologically in isotonic solutions than in water, the latter medium hav- 
ing caused visible swelling of the granules. The agglut‘nation caused by 
NaCl and other electrolytes at the isotonic level, however, resulted in a 
prohibitive loss when attempts were made to isolate large granules free from 
nuclei. A search was therefore instituted for an isotonic medium that 
would not cause agglutination. 

It was found initially that large granules in liver homogenates prepared 
in approximately isotonic solutions (0.25 M) of the non-electrolyte, sucrose, 
were not agglutinated and were roughly the same size as the corresponding 
elements seen in isotonic saline homogenates (Fig. 3). Preliminary cen- 
trifugation experiments with 0.25 mM sucrose as the medium showed that it 
was possible to effect separation of nuclei and large granules without diffi- 
culty, the latter having been obtained in excellent yield. 

In subsequent microscopic studies of rat liver homogenates prepared in 
sucrose solutions, it was noted that many of the free “large granules’’ were 
distinctly elongated in shape when the liver cells were disrupted in a hyper- 
tonie sucrose solution (0.5 M). A series of homogenates was then prepared 
in increasing concentrations of sucrose. It was evident that the number of 
rod-like forms was roughly proportional to the concentration of sucrose 
until an optimum concentration of 0.8 to 1.0 M was attained. <A sucrose 
concentration of 0.88 M was chosen for further cytological studies and for 
experiments in centrifugal fractionation. 

Microscopic examination of homogenates of rat liver prepared in 0.88 m 
sucrose (lig. 4) revealed an enormous number of refractive bodies of rela- 
tively uniform diameter (approximately 0.3 to 0.5 4). There was consider- 
able variation in the length of the bodies, 50 to 75 per cent of them being 
1 to 5 w in length and the remainder being eitlier slightly elongated or 
granular. They were readily stained when a solution of Janus green B in 
0.88 m sucrose (dye concentration 1:10,000 to 1:20,000) was introduced 
under the cover-slip. The staining reaction was fainter but perceptible 
when a dye concentration of 1:40,000 was used. They were not stained 
vitally by neutral red. On the basis of the morphological and staining 
characteristics, it was concluded that the bodies were intact mitochondria. 

Occasional unbroken liver cells in 0.88 M sucrose homogenates were 
normal in appearance and remained so for several hours. ‘The intracellular 
mitochondria were predominantly rod-like and filamentous and closely re- 
sembled the corresponding elements in the free state (Figs. 6, 7). The 
normal aspect of unbroken liver cells in this hypertonic medium was in 
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sharp contrast, however, to the appearance of liver cells suspended in iso. 
tonic media. In homogenates prepared in 0.85 per cent NaCl solution, for 
example, the intracellular mitochondria very quickly became swollen and 
spherical (Fig. 8) and within a comparatively short time underwent 
disintegration. 

Free nuclei in 0.88 M sucrose homogenates were practically structureless 
in appearanee and closely resembled the nuclei of unbroken liver cells. 

When the 0.88 M sucrose homogenates of rat liver were fixed by the 
addition of an equal volume of a 4 per cent aqueous solution of Osmium te- 
troxide and the mixture allowed to stand for 24 hours at 4°, it was found 
possible to make smears that were suitable for staining by standard eyto- 
logical techniques. It should be pointed out, however, that the procedure 
of fixation and smearing caused some of the elongated mitochondria to be- 
come distorted and others apparently to break. The smears (Fig. 4) thus 
showed occasional deformed mitochondria and, in general, contained a 
smaller proportion of long rods than was present in the unfixed homoz- 
enates. The fixed mitochondria were deeply stained by aniline acid 
fuchsin (Fig. 4) according to the Altmann method (5), by hematoxylin, by 
such basic dyes as safranine and erystal violet, and were (iram-positive 
when stained by the Gram technique. 

Preliminary centrifugation experiments showed that the mitochondria 
could be sedimented and washed with 0.88 mM sucrose without appreciabl> 
morphological change (Fig. 5). The washed mitochondria retained the 
ability to stain vitally with Janus green B at dye concentrations as low as 
1:20,000 to 1:40,000. 


Procedure for Centrifugal Fractionation of Rat Lwer Homogenates Prepared 
wn U.8SS Sucrose 


Adult albino rats were used in the present study. The animals were 
given only water for 18 hours before each experiment. ‘They were sacrificed 
by decapitation. The livers were removed and forced through a masher 
fitted with a 1 mm. mesh screen that retained the connective tissue frame- 
work and allowed the parenchymatous part of the organs to be collected as 
apulp. The liver pulp was immediately placed on ice, and in all subsequent 
steps of the fractionation the temperature was maintained at 0-5°. In 
each experiment, 5 gm. of liver pulp were homogenized in an all-glass appa- 
ratus (6) in 0.88 mM sucrose (Merck, reagent grade), the total volume of the 
homogenate being 50 ml. 

Sedimentation of Nuclei, Intact Liver Cells, and Red Blood Cells—sepa- 
ration of the nuclei, residual unbroken liver cells, and red blood cells was 
effected by centrifuging 40 ml. of the homogenate three times for 10 minutes 
at 600 &* gravity. Calibrated tubes of 15 ml. capacity were used in the 
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horizontal yoke of the International centrifuge. In the first of the cen- 
trifugations, each 10 ml. portion of the homogenate was carefully layered 
over 1 mi. of sucrose, thus forming a two-phase system. This procedure, 
which was possible because the density of the homogenate was slightly less 
than that of the sucrose solution, resulted in the sedimentation of nuclei 
and whole cells with very little loss in volume from the homogenate. The 
final yield of mitochondria was improved because these small elements did 
not tend to migrate through the interface at the low centrifugal force em- 
ployed. The combined sediments, the first of which was by far the largest, 
were suspended in 0.88 mM sucrose (Fraction N). This fraction contained 
red blood cells, residual intact liver cells, and free nuclei, most of the latter 
being aggregated in clumps of various sizes. Relatively few free mito- 
chondria were seen. Only free mitochondria and occasional lipide droplets 
were visible when the supernatant or “‘liver extract”’ (Fraction E) was ex- 
amined in the light microscope. 

Isolation of Mitochondria—The liver extract, which contained the ele- 
ments derived from the cytoplasm of the hepatic cells, was then centrifuged 
for 20 minutes at 24,000 * gravity. The supernatant (Fraction S,) was 
retained for further fractionation. ‘The firmly packed, opaque sediment of 
mitochondria was suspended in 35 to 40 ml. of 0.88 M sucrose. In order to 
effect purification and to free the preparation from the soluble substances 
of the original homogenate, the mitochondria were resedimented at 24,000 
x gravity and resuspended in 0.88 M sucrose. The supernatant obtained 
after resedimentation of the mitochondria (Iraction Wm) was retained for 
analysis. The final suspension of mitochondria (Fraction Mw) was dis- 
tinctly vellow in color and showed pronounced birefringence ot flow when 
stirred. 

The centrifuge* employed in the isolation of mitochondria was a motor- 
driven, self-balancing, angle type (inclination of tubes, 30° from the verti- 
cal) that was retrigerated and operated in vacuo. Lusteroid tubes of 50 ml. 
capacity were used in the isolation and resedimentation of mitochondria. 
The centrifugal force was calculated for the bottom of the tube. : 

Isolation of Submicroscopic Particulate Ma‘ertal-—TYhe supernatant 
(Fraction S;) obtained after sedimentation of the mitochondria was sub- 
mitted to 2 hours centrifugation at 41,000 X gravity, yielding a transparent, 
distinctly reddish pellet. The final supernatant (Fraction S2), which was 
only faintly opalescent, was saved for analysis. The sedimented material 
Was suspended in 0.88 M sucrose, resedimented by 2 hours centrifugation at 
41,000 * gravity, and resuspended in the sucrose solution. The final sus- 
pension of submicroscopic particles (Fraction Pw) was opalescent, showed 


‘Constructed by J. Blum ot The Roekefeller Institute for Medieal Researeh. 
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birefringence of flow on stirring, and was optically empty in the light micro- 
scope. The supernatant (Fraction Wp) obtained after resedimentation of 
the submicroscopic particulate material was also saved for analysis. 

Isolation of the submicroscopic particles was made with the angle cen- 
trifuge described above. Small lusteroid tubes (15 ml. in capacity, inside 
diameter 15 mm.) were used. From a consideration of the centrifugal force 
employed in the isolation of submicroscopic particles, the time of centrifu- 
gation, the viscosity and density of the sucrose solution, and the inside 
diameter of the centrifuge tube (7), it was estimated that most of the par- 
ticulate material (density assumed to be 1.3) of a diameter of 100 my or 
greater would be sedimented. Recovery of material smaller than 100 
mu in diameter was probably not effected. 


Chemical M cthods 


As shown in Table I, the fractions obtained by differential centrifu- 
gation of rat liver homogenates prepared in 0.88 M sucrose were analyzed 
for total nitrogen, succinoxidase activity, and pentose- and desoxypentose- 
nucleic acid (PNA and DNA) phosphorus. ‘Total nitrogen was estimated 
colorimetrically (8) after acid digestion of the samples. The determi- 
nation of succinoxidase activity was carried out manometrically according 
to the method of Schneider and Potter (9), and the estimation of PNA 
and DNA phosphorus was made according to Schneider (10)... A Beckman 
quartz spectrophotometer (model DU) was used in the colorimetric de- 
terminations. 


Results of Chemical Studies 


The results of studies of the distribution of nitrogen, nucleic acids, and 
succinoxidase activity in homogenates of rat liver prepared in 0.88 M sucrose 
solutions are summarized in Table I. When the total nitrogen, succinoxi- 
dase activity, and nucleic acid content of the various fractions were com- 
pared with the amounts originally present in the homogenates (H = E + 
N = N+ Mw + Wm + Pw + Wp + 8,), it was evident that in each 
series of determinations the over-all recovery was satisfactory. 

As shown in Table I, essentially all the DNA was recovered in Fraction 
N, which contained nuclei, residual unbroken liver cells, and red blood 
cells. This finding demonstrated that the removal of nuclei from the 
homogenate was complete. In one experiment the homogenate was 
strained through five layers of gauze. This procedure resulted in the 
removal of more than half of the free nuclei, as shown by a low DNA value 
(Table I). Since microscopic examination of Fraction N revealed the 
presence of relatively few free mitochondria, it was concluded that the 
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TABLE I 


Distribution of Nitrogen, Succinoxidase, and Nucleic Acids in Rat Liver 


No. of 
tion | deter- 
Preparation | mina- 
tions 


H (homoge 
nate) 


(liver ex- 
tract) 

N (nuclei 
re- | 
sidual in- | 
tact liver | 
cells) | 

Mw (mito- | 
chondria, 
sediment- 
ed twice) 

Wm (super- 
natant 
after re- 
sediment- 
ation of 
mito- 
chondria) 

Pw (submi- 
croscopic 
particles, 
sediment - 
ed twice) 

Wp (super- 
natant 
alter re- 
sedimen- 
tation of 
submicro- 
scopic 
particles) 

S: (final su- | 
pernatant)| 


te 


before fractionation. 
of this procedure. 


(4.9- 


Homogenates Prepared in 0.88 m Sucrose 


Nitrogen 


— 


Total 


me. 
134.6 
(121.6*-' 

146.0) 
100.1 
(04.0- 
108 .5* 

30.3 | 
(12.2*- 


40.2) 


39.0 
(32.0- 
39.6) | 


8.5 
(S.4- 
(9.1) 


11.9 
(1] .2- 
12.6) 


2.1 


9.38) 


41.9 | 
(38.4- 


45.0) | 


*In this experiment, the homogenate was filtered through five lavers of gauze 
The marked figures are those occurring as extremes as a result 


Total (mi- 


| Oc per hr. 


Succinoxidase 


— 


croliters | croliters 


V0, (mi- 


QO: per hr. 


per mg 
103.2 | 770 
114) (6.50- 
S70) 
$1.2 S10 
(72.0- | (708- 
O).2*) 900) 
19.0 630 
(11.5*— | (S11- 
25.8) | 940%) 
| 
74.2 | 2120 
(65.8- | (1920- | 
2(Ca.) |200(Ca. 
(1-3) (100- 
300 ) 
| 
| <100 
| 
| 
| 
<30 


625 


Pentosenuc'eic 
acid phosphorus 
(PNA P) | 

Total |? PNA P/| 
mg.N | 


3050 | 22.7 | 
(2540—- | (19.4- | 

3290 ) 24.2): 
2370 23.5 
(1 S20- (19.4— 

2850) 26.3), 
a75 IS.9 | 
(226*- | (18.5*- 

830) 20.5) 

15.5 
(430- (13.1- | 

623 ) 17.4) 

| 41.) 
(279- | (31.0- | 

414) | 48.7): 


695 | 58.0 
(S91- | (§2.5- 
798) | 63.5). 
175 34.0 
(166- | (34.0- 
1S3) 34.0) 
643 15.3 
(565- (14.7- 
695) 15.7) 


Desoxypentose- 


nucleic acid phosphorus 
(DNA P) 


| 


me DNA P/ 
Total | mg. N 


1040 7.7 


(528*- | (4.4*- 
1310)) 9.3) 


1031 34.1 


(524*- | (29.2- 
1400) 43.8*) 
| 
| 
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succinoxidase activity of the fraction was largely due to unbroken liver 
cells. 

Further consideration of the data in Table I made it apparent that two 
fractions, the mitochondria (Fraction Mw) and the submicroscopic parti- 
cles (Fraction Pw), were of particular interest from a cytochemical stand. 
point. The former contained a large proportion of the succinoxidase 
activity of the original homogenate but a relatively small amount of the 
PNA. The latter showed no appreciable succinoxidase activity but in 
terms of nitrogen content contained a large amount of PNA. It was also 
evident, on examination of the PNA P:N ratio obtained for Fraction Wn, 


TaB_e II 


Succinozidase Activity and Pentosenucleic Acid Content of Rat Liver Mitochondria 


— 


Nitrogen Succinoxidase Pentosenucieic acid phes- 


phorus (PNA P) 
Preparation | Total (mi- | 202 (mi 
-Recov-!  croliters croliters Recos- Recov- y PNA 


| otal Oz per hr. Os per hr. ery | lotal ery P/mg. N 
xo) | 


| N) | 
me. per cent per cont | per cent 
M (mitochondria, | 43.8 (100), 69.2 1580 (100)) 960 (100) 21.9 
sedimented once) | | | | | 
Mw, (mitochondria, | 33.8 77 2010 9S 475 ow 14.1 
sedimented twice) 
Mw: (mitochondria, 30.6 70 65.0) 2120 94 378 30 12.4 
sedimented 3 times) | 
Mw, (mitochondria, 24.0 2190 76 309 32 12.0 


sedimented 4 times) 


that the initial sedimentation of the mitochondria had included submicro- 
scopic particles. Although a separation of the two components was ob- 
tained on resedimentation of the mitochondria, it was not possible from 
the data in Table I to determine the degree of separation, and thus to 
establish the PNA content of mitochondria. 

Accordingly, mitochondria were isolated from rat liver and suspended 
in 0.88 M sucrose according to the fractionation procedure described above. 
The mitochondria were then submitted to three cycles of sedimentation 
with intervening resuspension in 0.88 Mm sucrose solution. ‘The original 
suspension ind a portion of the suspensions of mitochondria obtained after 
each sedimentation were analyzed for nitrogen, PNA, and succinoxidase 
content. The analytical data are shown in Table II. It can be seen 
that after the first sedimentation there was a rise in succinoxidase Q,, and 
a fall in the PNA P:N ratio, but after subsequent sedimentations the 
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values remained constant within the limits of experimental error. The 
total succinoxidase activity recovered in the preparations declined some- 
what on repeated sedimentation, particularly after the final centrifu- 
gation. .A consideration of the total nitrogen and nucleic acid phosphorus 
values indicated, however, that the loss in succinoxidase was due to in- 
complete sedimentation of whole mitochondria. Thus when the Qo. and 
micrograms of PNA P to mg. of N were calculated by difference for the 
supernatant after the final sedimentation, values of 1900 and 10.4, re- 
spectively, were obtained. These values were sufficiently similar to the 
corresponding figures characteristic of mitochondria (2190 and approxi- 
mately 13) to indicate that repeated sedimentation and resuspension did 
not result in appreciable release of soluble, nitrogen-containing compounds 
from the mitochondria. 


DISCUSSION 
Cytological and Biochemical Characteristics of Isolated Mitochondria 


Integrity of Mitochondria in Isolated State—Cytological studies summa- 
rized previously (4) and described in some detail in the present report 
offer good evidence for the morphological integrity of mitochondria ob- 
tained from rat liver homogenates prepared in 0.88 m sucrose. In the 
isolated state (Fraction Mw, Table I), the mitochondria had the same, 
usually elongated, shape possessed by mitochondria both within and out- 
side cells in the homogenate and were morphologically similar to those 
seen in sections of liver fixed and stained by special cytological techniques 
(11, 12). The rather pronounced pleomorphism of the isolated elements 
Was not surprising in view of the fact that pleomorphism is a characteristic 
property of the mitochondria of most tissues, including liver. Further- 
more, the isolated mitochondria were stained vitally by Janus green B at 
very low dye concentrations. For many years, it has been recognized 
that Janus green B is a specific vital stain for intracellular mitochondria 
(11,13). After fixation by appropriate methods, the isolated mitochondria 
also showed the staining reactions characteristic of intracellular mito- 
chondria observed in similarly fixed and stained sections. 

Finally, it should be noted that the isolated mitochondria satisfied chemi- 
eal as well as the above morphological criteria of integrity. Thus their 
content of nitrogen, succinoxidase, and PNA remained constant on re- 
peated sedimentation and resuspension in 0.88 mM sucrose (‘Table IT). 

Homogeneity of Suspensions of Isolated Mitochondria—Perhaps the most 
difficult problem arising in the present studies was the establishment of 
the degree of homogeneity of the preparations of resedimented mitochondri: 
(Fraction Mw, Table I). According to Claude (1), large granule preps- 
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rations isolated from saline extracts of rat liver consist of a mixture of 
mitochondria and secretory granules. Other investigators, including 
Lazarow (14) and Hoerr (15), have stated, however, that the large micro. 
scopic granules within the liver cell correspond to mitochondria and thus 
that preparations of large granules isolated from liver consist practically 
exclusively of mitochondria. In this respect, it was found that homog- 
enates prepared in 0.88 M sucrose offered an excellent opportunity both 
for the demonstration of secretory granules within the intact liver cell and 
for a determination of their fate after cell rupture and during centrifugal 
fractionation. When a freshly prepared homogenate in 0.88 mM sucrose of 
liver from a fasted animal was stained vitally with a solution of neutral 
red (1:5000) in 0.88 M sucrose, two types of intracellular inclusion were 
stained selectively by the dye. These included a number of small spherical 
granules (circa 0.5 to 1 » in diameter), most of which were localized at the 
peripheral margin of the cells, and occasional larger droplets (2 to 3 uw in 
diameter), which lay in the interior of the cells. The former were con- 
sidered, on the basis of current cytological criteria, to represent true se- 
eretory granules and probably to contain components of bile; the latter 
were apparently lipide droplets, composed predominantly of phospholipide, 
that accumulate in liver cells as a result of fasting. The rod-like intra- 
cellular mitochondria remained unstained and greatly outnumbered the 
stained granules. 

On examination of the extracellular elements in these homogenates, it 
was noted that the proportion of granules stained with neutral red was con- 
siderably less than the proportion stained within unbroken cells and that 
most of the stained extracellular elements corresponded in size to the rela- 
tively large lipide droplets. This finding indicated that many of the secre- 
tory granules did not exist as formed elements after rupture of the cell 
membrane. Finally, when the preparations of isolated and resedimented 
mitochondria (Fraction Mw, Table 1) were stained vitally with neutral red, 
none of the elements in the suspensions took up the dye. Further exam- 
ination of the fractions obtained by differential centrifugation of the liver 
homogenates showed that the material capable of staining with neutral 
red migrated centripetally during the initial sedimentation of the mito- 
chondria. It was therefore concluded that the suspensions of resedimented 
mitochondria contained no secretory granules of the type demonstrable by 
staining with neutral red. 

The most important evidence attesting to the absence of a significant 
number of extraneous components of relatively large size in the prepara- 
tions of isolated mitochondria (Fraction Mw, Table I), and thus to the 
homogeneity of this fraction, was the finding that all the visible elements 
in the suspensions were stained vitally by Janus green B and after fixation 
by aniline acid fuchsin (5). 
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Submicroscopic particles constituted another possible source of con- 
tamination that would obviously escape detection on examination of the 
mitochondrial fraction with the light microscope but could, however, be 
detected by other means. ‘Thus the average micrograms of PNA P to mg. 
of N ratio obtained for mitochondria sedimented once (Fraction M, Table 
II) was considerably higher than the corresponding values for repeatedly 
resedimented mitochondria (Fractions Mw,, Mwe, and Mws, Table II), in- 
dicating that submicroscopic material was present in Fraction M. The 
data in Table Il clearly indicated, however, that one resedimentation was 
sufficient to remove the contaminating submicroscopic material. 

Preliminary studies of the preparations of resedimented mitochondria in 
the electron microscope’ also showed that little if any extraneous particulate 
material of small size was present (4). 

Biochemical Characteristics of Liver Mitochondria—It seems reasonably 
certain from a consideration both of the chemical data (Tables I and II) 
and of the cytological observations that the respiratory enzyme system, 
succinoxidase, is associated with mitochondria. <A large proportion (65 to 
82 per cent) of the succinoxidase activity of the original homogenates of 
whole liver was recovered in the resedimented mitochondria, a negligible 
amount having been present in all other fractions with the exception of that 
containing nuclei and unbroken cells. The persistently high recovery of 
the enzyme in the mitochondrial fraction after repeated sedimentation made 
it extremely doubtful that this finding was simply the result of adsorption, 
particularly in view of the fact that succinoxidase is a complex system con- 
sisting of several components (16). 

No attempt was made in the experiments reported to obtain a complete 
separation of nuclei and mitochondria through further fractionation of the 
suspension of nuclei and whole cells (Fraction N, Table I). In additional 
experiments, however, it has been possible by means of repeated homo- 
genization and differential centrifugation of this fraction to obtain practi- 
cally complete separation of DNA and succinoxidase activity with excellent 
recoveries of both, all but | to 2 per cent of the succinoxidase activity having 
heen separated from the DNA. It can therefore be concluded that mito- 
chondria contain all of the suecinoxidase activity present in the cytoplasm 
of the liver cell and probably all of the succinoxidase activity present in the 
entire cell. Although eytochrome oxidase determinations were not carried 
out, it should be mentioned that this system is responsible for the oxygen 
consumption of the succinoxidase system and that the distribution of the 
two systems in fractions isolated from rat liver has previously (2, 3) been 
quantitatively identical. 


* The authors are indebted to Dr. K. R. Porter for his aid in the study of the frac- 
tions with the electron microscope. 
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it was also possible from the data in ‘lable I to estimate the proportion 
ol the total nitrogen and PN A of whole liver accounted for by mitochondria. 
Thus the amount of mitochondrial nitrogen in Fractions N and Wm was 
calculated from the total succinoxidase activity of these fractions and the 
succinoxidase Q,, of resedimented mitochondria. The total PNA due to 
mitochondria was then estimated from the micrograms ot PNA P to mg. of 
N ratio characteristic of mitochondria (approximately 13, as shown by the 
data in Table II). On the basis of these calculations, the mitochondria 
were found to account for 34 and 19 per cent, respectively, of the nitrogen 
and PNA present in the original homogenate. 

The mitochondrion can therefore be considered as a complicated fune- 
tional unit possessing two of the most important respiratory enzyme sys- 
tems of the cell and accounting for approximately one-third of the nitrogen 
and one-fifth of the PNA of whole liver. The presence of PNA in “‘large 
granules” isolated from saline extracts of rat liver was detected qualitatively 
by Claude (1), and quantitative measurements of the distribution of PNA 
in water homogenates of liver were reported by Schneider (2). ‘The latter 
results are in good agreement with those presented in Table |. The bio- 
chemical significance of the PNA of mitochondria, particularly its possible 
relation to the respiratory enzymes, is a problem of great interest. In this 
respect, PNA was found to be present in crude solutions of succinic dehy- 
drogenase prepared from liver mitochondria according to a method pre- 
viously reported (17). In attempts to purify the enzyme by (NIH4).S0, 
fractionation, only partial separation of the nucleic acid and enzyme was 
effected, a considerable proportion of the former being retained in the 
enzymatically active fraction.4 The question whether succinic dehydro- 
genase and PNA are actually related, however, can only be answered when 
the enzyme is obtained in a highly purified state. It is nevertheless tempt- 
ing to believe that the “insolubility”’ of suecinic dehydrogenase and other 
respiratory enzymes such as cytochrome oxidase is due to an association 
between the enzymes and highly polymerized PNA. It should also be 
pointed out that the PNA of mitochondria may account tor the reaction of 
these cellular elements with the Gram stain in view of the demonstration 
that PNA is responsible for the Gram reaction in bacteria (18). 

It is probable that the liver mitochondrion possesses many other enzy- 
matic functions, including the oxidation of b-amino acids (19) and the 
dephosphorylation of adenosine triphosphate (2). It is certainly evident 
that much further work remains to be done before « complete picture of the 
biochemical nature of the mitochondrion will be established. 


‘ Hogeboom, G. H., and Schneider, W. C., unpublished experiments. 
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Mechanism of Effect of Concentrated Sucrose Solutions 


The mechanism by which a strongly hypertonic solution of sucrose is 
capable of preserving the morphological and cytological characteristics 
of mitochondria is not fully understood, although studies to date have 
indicated that the effect is largely one of tonicity. Thus in a series of 
homogenates the proportion of rod-like forms progressively increased with 
increasing sucrose concentration. Conversely, when homogenates pre- 
pared in 0.88 M sucrose were diluted with water to a final sucrose concen- 
tration of 0.25 mM (approximately isotonic to red blood cells) and were 
observed under the microscope, the elongated mitochondria were seen to 
become spherical within a few minutes. It should be pointed out, however, 
that the change from a rod-like to a spherical shape was apparently accel- 
erated in a thin film on the microscopic slide because the mitochondria 
became spherical at a slower rate as long as they remained suspended in 
diluted homogenates. When the homogenates were prepared directly in 
0.25 mM sucrose, on the other hand, all the mitochondria were spherical 
within a few minutes (Fig. 3). The reason for this difference in behavior is 
not understood. 

It was also noted that the effect of hypotonic media on mitochondria was 
at least to some extent reversible. Thus when an equal volume of 1.76 m 
sucrose was added to a water homogenate of rat liver, the large pale spher- 
ical bodies became much smaller and more refractive. Shrinkage of the 
large granules on addition of an equal volume of 1.76 M sucrose to isotonic 
saline homogenates was also observed. 

The effect of various media on the mitochondria within intact liver 
cells was strikingly similar to the effect on the extracellular mitochondria. 
Unbroken liver cells in homogenates prepared in 0.85 per cent NaCl or 0.25 
M sucrose contained swollen, spherical mitochondria (Fig. 8). In 0.88 m 
sucrose, however, the unbroken cells, despite severe oxygen deprivation, 
retained a normal appearance for hours when kept at 4° (Figs. 6,7). The 
intracellular mitochondria remained elongated, and the cells showed no 
visible shrinkage in the hypertonic medium. ‘The absence of any Brownian 
movement within the unbroken cells suggested that the cytoplasm had a 
gel-like consistency. 

Some additional evidence that the effect of 0.88 mM sucrose was due, at 
least in part, to the osmotic pressure of the solution was obtained in tests of 
other hypertonic media. Homogenates prepared in 3.0 per cent NaCl 
solution, for example, showed distinctly elongated extracellular mitochon- 
dria. When these preparations were allowed to stand, however, the mito- 
chondria soon agglutinated and became granular. Maltose, at equimolar 
concentrations, had exactly the same effect as sucrose. Homogenates pre- 
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pared in 0.88 m dextrose and mannose were similar to those prepared in 
0.88 m sucrose, although the monosaccharides were not as effective as the 
disaccharide in maintaining the morphological stability of mitochondria 
over long periods of time. The trisaccharide, melezitose, also showed 
roughly the same effect as sucrose at equimolar concentration. The mito- 
chondria quickly became spherical, however, in homogenates prepared ip 
0.88 Mm solutions of sorbose and the pentose, xylose. 

It is recognized that factors other than the osmotic pressure of 0.88 y 
sucrose may well play an important role in maintaining the integrity of 
mitochondria and that the necessity for a relatively high osmotic pressure 
in the medium may reflect more than simply a control of the distribution of 
water within and outside the mitochondrial membrane. ‘The osmotic pres- 
sure within the living hepatic cell at the mitochondrial membrane, on the 
other hand, is not known and may actually be higher than the blood osmotic 
pressure. In view of the above findings, particularly of the observations of 
intact liver cells in homogenates prepared in sucrose solutions, the possi- 
bility of existence of the latter situation should not be dismissed. 


Characteristics of Submicroscopic Particles 


Although the data in Table I showed that practically all the mitochondria 
except those present in unbroken liver cells (Fraction N) had been obtained 
sharply in a single fraction (Mw), it was apparent that the submicroscopic 
particles were distributed more widely. The micrograms of PNA P to mg. 
of N ratios for the various fractions indicated that the latter component of 
the cell was present in Fractions Wm and Wp as well as in Fraction Pw. 
By utilizing micrograms of PNA P to mg. of N values of 13, 58, and 15.3 for 
mitochondria, submicroscopic particles, and final supernatant, respectively, 
it was possible to calculate in terms of nitrogen the total amount of sub- 
microscopic particles present in the fractions. Furthermore, in view of the 
observation that few free mitochondria were present in Fraction N, it could 
be assumed that the relative proportion of mitochondria and submicro- 
scopic particles in this fraction was the same as in the liver extract (Fraction 
I). It was thus estimated that the submicroscopic particles contained 
approximately 20 per cent of the nitrogen and 50 per cent of the PNA of 
whole liver. It should be pointed out, however, that these figures are pre- 
sented only as rough approximations, since they are based on several 
assumptions that may be somewhat in error. 

It is therefore evident that a considerable proportion of the PNA of the 
liver cell occurs in sedimentable material that can be sharply differentiated 
from mitochondria. This material was smaller in size than mitochondria, 
contained much more nucleic acid in terms of nitrogen content, and showed 
essentially no succinoxidase activity, these properties being qualitatively 
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characteristic of the “‘microsomes” studied previously (1, 3). The micro- 
grams of PNA P to mg. of N values obtained in the analysis of Fraction Pw 
(Table I) showed that approximately 10 per cent of the total nitrogen of the 
submicroscopic particles was PNA nitrogen. Of some interest is the fact 
that this high PNA content falls well within the range of corresponding 
figures obtained for tobacco mosaic (20) and bushy stunt (21) viruses, both 
of which are said to be composed entirely, or almost entirely, of ribose 
nucleoprotein (22). 

Another interesting property shown by the opalescent suspensions of 
submicroscopic particles (Fraction Pw, Table 1) was birefringence of flow. 
This phenomenon has not been noted previously in suspensions of micro- 
somes isolated from saline or water homogenates of liver and indicates that 
the particles in 0.88 M sucrose are asymmetrical in shape. Preliminary 
studies with the electron microscope* of the morphological characteristics 
of the elements in this fraction have, in fact, revealed the presence of an 
elongated fibrous component that is similar in structure to the endoplasmic 
material® seen in electron micrographs of cultured cells. It is possible that 
this asymmetrical particle may represent the postulated micellar structure 
of protoplasm supposedly responsible for sol-gel changes (14). 

As mentioned previously, the relatively high density and viscosity of 
0.88 m sucrose probably prevented complete sedimentation of the sub- 
microscopic particles at the centrifugal force employed. It was therefore 
not possible to estimate what proportion of the nitrogen and PNA in the 
final supernatant (Fraction S.) and thus in the liver cell was due to particles 
of a diameter less than 100 mu. It should also be pointed out that the com- 
position of the preparations of submicroscopic particles (Fraction Pw), in 
respect to the number and relative proportions of different components 
present, is not as yet known. Further studies of the fraction, isolated by 
sedimentation at higher centrifugal forces, are planned. 


SUMMARY 


1. The mitochondria of rat liver cells, when released by homogenization 
into water or isotonic NaCl solution, are altered to such an extent that they 
are not morphologically identifiable. When released into strong solutions 
of sucrose (0.8 to 1.0 mM), however, they show the morphological and stain- 
ing properties characteristic of normal intracellular mitochondria. Cyto- 
logical stu:lies of rat liver homogenates prepared in solutions of sucrose and 
other compounds at several concentrations indicate that the proportion of 
morphologically intact mitochondria, both extracellular and intracellular, 
increases with increasing concentration of solute and is related to the os- 
motic pressure of the medium. Sedimentation of mitochondria from homog- 


‘Porter, K. R., in press. 
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enates prepared in 0.88 M sucrose and washing with the same medium does 
not result in any change in their morphological or staining properties. 

2. A procedure for the centrifugal fractionation of rat liver homogenates 
prepared in 0.88 m sucrose is described. By this procedure it is possible to 
obtain mitochondria in suspensions that are apparently free from other 
cellular components. In the experiments reported, 65 to 82 per cent of the 
succinoxidase activity of the original homogenate was recovered in the 
mitochondria, the remainder of the enzyme activity being present in a frae- 
tion containing nuclei and unbroken liver cells. On the basis of cytological! 
observations and additional chemical data, it is concluded that mito- 
chondria contain all of the suecinoxidase present in the cytoplasm of the 
liver cell and probably all of the succinoxidase present in the entire cell, 
It is further estimated that 34 per cent of the total nitrogen and 19 per cent 
of the pentosenucleic acid (PNA) of whole liver can be accounted for in 
mitochondria. The succinoxidase Qo, (microliters of O. per hour per mg. 
of nitrogen) and the ratio, micrograms of PNA phosphorus to mg. of nitro- 
gen, are approximately 2100 and 13, respectively, for mitochondria. These 
values remain constant on repeated sedimentation and resuspension of 
mitochondria in 0.88 M sucrose. 

3. Submicroscopic particulate material of a diameter of approximately 
100 my or greater was also isolated from 0.88 M sucrose homogenates of rat 
liver by means of prolonged centrifugation at high speed. Suspensions of 
this material are opalescent, show birefringence of flow, and contain no 
succinoxidase activity. The PNA content of the submicroscopic particles 
is characteristically high, the ratio, micrograms of PNA phosphorus to mg. 
of nitrogen, being approximately 58 for this fraction. It is estimated that 
the submicroseopic particles account for approximately 20 per cent of the 
total nitrogen and 50 per cent of the PNA of whole liver. 
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EXPLANATION OF PLATES 2 AND 8 
PLATE 2 


Fic. 1. Homogenate of rat liver prepared in 0.85 per cent NaCl solution. Fixed 
with OsQ,; stained with aniline acid fuchsin (5). The deeply stained large granules 
(diameter, 0.5 to 24) are generally spherical in shape and tend to be agglutinated in 
small clumps. X 1100. 

Fic. 2. Homogenate of rat liver prepared in water. Fixed with OsO,; stained with 
1 per cent aqueous solution of crystal violet. The large granules are swollen (di- 
ameter, 1 to 5) and rather faintly stained but are not agglutinated. The granules 
in water homogenates do not stain with aniline acid fuchsin. > 1100. 

Fic. 3. Homogenate of rat liver prepared in 0.25 m sucrose. Fixed with OsQ,; 
stained with aniline acid fuchsin (5). The large granules are approximately the same 
size as those in Fig. 1 but are not agglutinated. X 1100. 

Fic. 4. Homogenate of rat liver prepared in 0.88 m sucrose. Fixed with Os0,; 
stained with aniline acid fuchsin (5). Most of the large granules of Figs. 1 to 3 are 
distinctly elongated in shape and correspond morphologically to normal mitochon- 


dria. XX 1100. 


PLATE 3 


Fic. 5. Mitochondria isolated by differential centrifugation from 0.88 m sucrose 
homogenate of rat liver (Fraction Mw, Table I). Fixed with OsQ,; stained with 1 
per cent aqueous solution of safranine. The mitochondria have retained their elon- 
gated shape after isolation and resedimentation. X 1100. 

Fics.6 anv 7. Unbroken liver cells in homogenate prepared in 0.88 mM sucrose. The 
cells in Fig. 6 are unfixed and unstained; those in Fig. 7 have been fixed with OsQ,. 
The cells are normal in appearance; the intracellular mitochondria are predominantly 
rods and filaments (cf. Fig. 8). XX 1100. 

Fic. 8. Unbroken liver cells in homogenate prepared in 0.85 per cent NaCl solu- 
tion. The cells are unfixed and unstained. The intracellular mitochondria are swol- 
len and generally spherical in shape. This homogenate was prepared from the same 
liver as the homogenate shown in Figs. 6 and7. X 1100. 
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ARE PHOSPHOLIPIDES OBLIGATORY PARTICIPANTS IN 
FAT TRANSPORT ACROSS THE INTESTINAL WALL?* 


By D. B. ZILVERSMIT, L. L. CHAIKOFF, ann C. ENTENMAN 


(From the Division of Physiology, University of California Medical 
Sch ool, Berkeley 


(Received for publication, August 12, 1947) 


It is still a disputed question whether phospholipides are instrumental in 
carrying fats across the intestinal wall. By means of labeling agents it 
has been amply demonstrated that the small intestine is among the most 
active of tissues concerned with phospholipide metabolism. Studies with 
p® in particular leave no doubt that not only during fat absorption is phos- 
phate rapidly incorporated into phospholipide by the small intestine but 
phospholipide molecules likewise are continually renewed during the fasted 
state (1). The finding, therefore, that labeled fats during their absorption 
are incorporated into phospholipide molecules need not be interpreted as 
demonstrating that phospholipide formation is an essential step in fat 
transport. It is to be expected that whatever fatty acids are present in the 
intestinal wall will be drawn upon to furnish the building blocks for the 
phospholipide molecules. Indeed, the fact that during fat absorption the 
labeled fat is present in such large amounts would make them expected 
participants in phospholipide renewal (2-4). 

In the present study, radioactive phosphorus has been employed to com- 
pare the rates at which phospholipides are turned over in the small intestine 
of the fasted and fat-fed animal. 


On Use of Relative Specific Activity of Phospholipide Phosphorus As Measure 
of Phospholipide Turnover 

It has been pointed out in a previous publication (5) that after the 
injection of radioactive phosphate into an animal a measure of the turnover 
rate of a compound in a tissue can be obtained from the “specific activity- 
time” relations of that compound and its immediate precursor. ‘This 
procedure provides a method for determining the absolute rate at which the 
compound is synthesized and broken down, 1.c. turned over. ‘The use of 
this procedure is limited, since the immediate precursor is known for very 
few compounds and this is particularly true of the phospholipide molecule. 


* The research which this paper reports was undertaken in cooperation with the 
Committee on Food Research of the Quartermaster Food and Container Institute 
of the Armed Forces. The views or conclusions contained in this report are those 
of the authors. They are not to be construed as necessarily reflecting the views or 
endorsement of the War Department. 
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If the precursor is not known, the use of specific activity (phospho- 
lipide P**)/(phospholipide P*'), in the measurement of turnover presents 
considerable difficulties because specific activity is influenced by many 
factors, some of which are difficult to control experimentally. For practical 
purposes these factors may be grouped according to whether they influence 
the numerator or denominator of the expression for specific activity. 

Amount of Phospholipide P*\—The specific activity of the phospholipide 
fraction varies inversely with the amount of chemical phospholipide present 
in the tissue, since the latter is the denominator of the expression for specific 
activity. 

Amount of Phospholipide P*—The numerator of the expression for 
specific activity of phospholipide will depend upon (a) the rate of appear- 
ance and disappearance of phospholipide molecules and (b) the amount of 
P® available for the formation of phospholipide at the site of synthesis. 

The manner in which these factors influence the specific activity of phos- 
pholipide can be briefly stated as follows. 

It has been repeatedly shown that the phospholipide content of the small 
intestine does not increase during fat absorption (6, 7). This has been 
confirmed in the present investigation (see Tables I to V). Hence, since 
we are interested in comparing the turnover rates of phospholipide of the 
small intestine in these two nutritional states, the amount of phospholipide 
P*' described above plays no part. 

It is assumed that in the postabsorptive state the rate of synthesis equals 
the rate of breakdown of phospholipides in the small intestine. Since, as 
already noted above, no change in the phospholipide content of this tissue 
occurs after fat feeding, it may be concluded that the rate of appearance of 
the phospholipide in the fat-fed animal equals its rate of disappearance; 
presumably a steady state exists. It should not be inferred, however, that 
the turnover rates of phospholipides are the same in the fat-fed and in the 
fasted animals. 

There is one more factor which influences the specific activity of phos- 
pholipide in the two states under consideration ; namely, the specific activity 
of the P® available for phospholipide synthesis. It is safe to assume that 
various phosphorus-containing compounds constitute a pool of P® inside 
the cell available for phospholipide synthesis. The concentration of P® 
in this pool will depend on such variable elements as permeability of the 
cell to P®, rate of absorption of P® from the site of injection, differences in 
body weight, and the relative avidity of the tissues for P*. 

In attempting to obtain a measure of the specific activity of the available 
pool, Hevesy and Hahn (8) first used the specific activity of intracellular 
inorganic phosphate (total minus extracellular). More recently Hevesy 
suggested the use of the labile phosphorus of adenosine triphosphate as 
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equivalent to intracellular inorganic phosphorus, since the latter is in rapid 
equilibrium with the former.'| Hevesy used the ratio of the specific activity 
of phospholipide phosphorus to specific activity of inorganic phosphorus as 
a measure of turnover. This ratio he called relative specific activity (9). 

Undoubtedly inorganic phosphate or labile phosphates provide an accu- 
rate index of the available pool, but because of the difficulty of measuring 
the intracellular phosphate the use of acid-soluble phosphorus for this 
purpose seemed entirely adequate. Hence, in this investigation the ratio 
of the specific activity of phospholipide phosphorus to the specific activity 
of total acid-soluble phosphorus in the same tissue was used as the relative 
specific activity of phospholipide phosphorus. 

It can be shown experimentally that, as an index of turnover, the use of 
relative specific activities instead of specific activities overcomes to a great 
extent the variability from animal to animal (see variability in specific 
activities in Table III). The reason for this is obvious in view of the nu- 
merous factors which affect the availability of P* for phospholipide syn- 
thesis. As has been pointed out, all these factors influence the specific 
activity of the phospholipides in the same way as they influence the specific 
activity of the phosphorus available for phospholipide synthesis. But the 
relative specific activity, being the ratio of the two, is not affected by these 
variables. 

When the difference between the P* in the available pool and the P® 
present in phospholipide is greatest, a small increase in phospholipide turn- 
over is reflected by a large change in the relative specific activity. This 
condition prevails quite early, long before the specific activity of phospho- 
lipide phosphorus reaches a maximum. The intervals at which turnover 
rates are compared below were selected in conformity with this consider- 
ation. 


EXPERIMENTAL 
Methods 


Fat absorption as measured here represents the difference between the 
amount administered and the amount that remained in the small intestine 
at the end of the period of observation. The unabsorbed fat was washed 
out of the small intestine with acetone or ether and determined by the oxi- 
dative technique (10). The isolation and determination of radioactive 
phospholipide have been described elsewhere (11). Acid-soluble phos- 
phorus of tissues was obtained as follows: The tissue was homogenized in 
10 per cent trichloroacetic acid and centrifuged. An aliquot of the super- 
natant was mounted on a blotter for determination of P*, whereas the total 
phosphorus was determined on a different aliquot by King’s method (12). 


' Hevesy, G., personal communication. 
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Lipide Phosphorylation in Small Intestine of Dog 


Phospholipide Formation in Different Parts of Small Intestine in Fasted 
Dog—six dogs, fasted for 24 hours, were injected intravenously with radio- 
active phosphate. 6 hours later, the entire gastrointestinal tract was 
excised immediately after the animals had been anesthetized by an intra- 
eardiac injection of nembutal, and samples were taken as follows: The 


Phospholipide Formation by Mucosa of Duodenum, Jejunum, and Ileum in Fasted 
and Fat-Fed Dog 


Tissues were excised 6 hours after P** had been injected intravenously. 


Phospholipide activity of | Specific activity of Relative specitic 
Dog per onary shospholipide P* pe 
x _& | Jeju- Duo Jeju Duo Jeju- 
No. | 1.26 num denum ‘Me uM denum Hleum 
kg. | mg. mg. me x 10-3 x 10°81 x lv 
| | | | 
7.0/4. 70 4.40 4.20 8.52. 8.72 10.8 | basted 
7.5)4.854.314.5614.3 10.7 11.6 42.0) 33.8) 29.3) 0.34) 0.32!) 0.40) 
$8.1 5.05 4.57 16.4 18.1 15.7 | 50.0) 44.0) 39.5) 0.38 0.41) 0.40) 
4. §.715.675.905.68 13.2 11.8 ‘14.5 18.9) 15.1) 26.7) 0.70) 0.78) O 
5 6.216.455.465.5016.4 15.3 15.2 37.6 82.4) 27.4) 0.44) 0.47) 0.55) 
6 10.2'5.205.055.05 8.02 10.1 8.75) 24.6) 26.4) 21.4 0.33) 0.38 0.41 
| | 
Average 12.8 12.5 12.8 | 0.43} 0.47) 0.46 
| | | 
14. 50 4.40:4.20,13.4 12.9 {13.3 | | (‘ream- 
S | 6.54.604.904.2012.3 13.8 13.0 | 42.0, 39.0 | 0.29 0.35) fed 
9 6.88 7.04) 5.69 21.3) 19.4 IS. S| 0.32] 0.36) 0.30 
10 | 7. 16. 05 6. 105.07 16.2 14.6 11.6 32.7) 27 24.4. 0.50) 0.538) 
li | 7. 06. 40 6. 984.9111.0 11.1 10.4 I8.S 17.4) 22.6 0.591 0 O46 
12.0 11.9 10.8 0.43) O.47) 


* The specific activity is expressed as the per cent of the administered P* per mg. 
of phosphorus. | 

t Relative specific activity is the ratio of specific activity of phospholipide P to 
that of acid-soluble P. 


portion between the pylorus and the duodenal mesentery was taken as 
duodenum. ‘The next 15 inches of intestine were discarded, but the follow- 
ing 12 inches were taken as representative of the jejunum. ‘The 15 inches 
of intestine above the cecum were used as ileum. The phospholipide con- 
tent of the mucosa of these three intestinal segments, the specific activities, 
and the relative specific activities of their phospholipide amass us are 
recorded in Table I (Dogs 1 to 6). 
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Table I shows that the phospholipide contents of the mucosa of duo- 
denum, jejunum, and ileum are similar. Moreover, their relative specific 
activities are the same; the average values obtained were 0.43, 0.47, and 
0.46. This means that the rates of turnover of phospholipide in these 
three parts of the small intestine are the same. 

Phospholipide Formation in Different Parts of Small Intestine in Fat-Fed 
Dog—The second group of dogs (Dogs 7 to 11, Table I) was treated as 
above, except that they received 50 cc. of cream by stomach tube half an 
hour before the intravenous administration of radioactive phosphate. 
There can be no doubt that in the fat-fed dog, as in the case of the fasted 
animal, the phospholipide turnover in different parts of the mucosa of the 
small intestine is the same. 

A comparison of the relative specific activities for the fasted and fat-fed 
dogs shown in Table [| suggests that the passage of fat through the intestinal 
wall does not alter the rate of phospholipide turnover in any portion of the 
small intestine’s mucosa. The variability of the values from dog to dog, 
however, precludes a definite conclusion as to whether phospholipides are 
obligatory steps in fat transport across the gut wall, and for this reason 
evidence was sought by another approach. 

Separation by Ligature of Single Small Intestine into Fat-Absorbing Area 
and Control or Fasted Arca--The dogs in Table II were subjected to a 24 
hour fast. Under local anesthesia (procaine) a small abdominal mid-line 
incision Was made and a ligature placed around the portion of small intes- 
tine immediately below the incision. In this way the lumen of the small 
intestine was divided. The entire procedure was carried out with a mini- 
mum of trauma and with no interference of blood supply to either portion 
of the gut. Fat was then usually injected into the duodenal side of the 
ligated intestine. ‘Thus the duodenal side of the small intestine was made 
to absorb fat, whereas the ileal side remained in the fasted state. White 
lacteals were usually found on the duodenal side right up to the ligature, 
whereas the ileal side was devoid of any white ones. In some dogs the 
unabsorbed fat was washed out of the intestine with acetone and ether 
before its mucosa was removed for analysis. 

In ‘Table IL are presented (1) the specific activities of phospholipide 
phosphorus, (2) the specific activities of acid-soluble phosphorus, and (3) 
relative specific activities, 7c. the ratio of 1:2. All dogs were sacrificed 5 
to 6 hours after the introduction of fat into the lumen of the intestine, but 
at various intervals after the administration of the P®. Thus P® was 
administered at various intervals during the 6 hour period of fat absorption. 

In most of the dogs the actual amount of fat absorbed was measured. 
In the remainder the presence of white lacteals from the pyloric sphincter 
up to the site of ligation was taken as evidence of active absorption. 
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II 


Phospholipide Formation by Mucosa of Fat-Absorbing and Fasted Portions of Dog 
Small Intestine 


| | Specific activity Specific activ- 


| | side | ade | dent | ae 
| keg. hrs. | gm. gm. | x 0-8 x 10°37 |X 10-* X 10-3 ‘Brae 
1/ 9.05.5 | 50 cc. cream, | 4.61 | 4.53 20.8| 20.410.22 0.22 
stomach tube | | | | | | 
2| 8.7] 5.5 Same | | 6.87 | 6.57 | 27.5) 23.410.25 0.28 
310.9 6 + | 50 cc. cream, duo- | 31.2 |32.2 | 81.6 99.0/0.38 0.33 
denal side | | | | | 
410.9, 6 | — | Same | 30.5 (35.4 | 74.0) 75.4)).41 0.47 
5/10.9 5 | —|85gm.cornoil, |0 /|10.7 | 9.50 | 28.6) 26.6/9.37 10.36 
| duodenal side | | | | 
6) 9.1 5 + | Same 8.3 16.0 [11.7 | 30.8) 25.5)0.52 10.46 
7 14.1) 5 5.1 | 5.21 | 4.27 | 13.4) 14.4]0.39 0.30 
8 8.7, 5 | 8.4 | 7.69 | 7.06 | 32.0, 29.0/0.24 /0.24 
9/11.0 5.25! —|85gm.ecornoil, | 6.29 | 7.52 | 17.1) 20.2/0.37 (0.37 
ileal side 
10 14.6 5.25 | — | 8.5 gm. corn oil, 3.1 | 8.44 | 6.83 | 27.6) 30.6)0.31 |0.22 
| duodenal side 
| — |9gm.corn oil fatty |1 (13.1 | 8.96 | 34.8) 25.6/0.38 [0.35 
| acids, ileal side 
6.5 5 — | 9 gm. corn oil fatty | 5.1 |11.7 (10.1 | 35.0, 28.0/0.33 |0.36 
acids, duodenal | 
side 
13 9.6 5 + | Same 8.7 10.8 | 8.50 | 36.8 30.6/0.29 /0.28 
14 13.7) 3 + | 8.5 gm. corn oil, 5.3 | 7.43 | 3.64 | 22.4) 23.2/0.33 (0.15 
duodenal side | | 
15 11.6 3 + | Same 7.2 | 6.84 | 7.38 | 25.2, 26.60.27 (0.28 
16 16.1, 3 | 4.18) 4.81 | 21.1 20.10.20 0.28 
1712.21 | + 1.7 | 4.96 | 3.29 | 28.0 30.40.18 (0.11 
1.2 | 2.82 4.80 | 35.2 35.70.0800.13 
19 /11.20.25/ 4+) “ 4.9 1.39 1.21 | 29.6 26.00.047 0.047 
20; 9.80.25;+) “ 8.0 0.582, 0.988) 10.7, 18.6 0.054 0.053 
21 12.7,0.25; +); “ 8.2 0.379 1.79 11.6 30.20.033 0.059 


* The P** was injected intravenously. All dogs were sacrificed 5 to 6 hours after 
fat administration. 

t Lacteals were white (4-) or not white (—) in the duodenum at the end of the 
experiment. | 

t All fat was injected into the duodenal side of the ligated intestine unless other- 
wise indicated. 

§ The specific activity is expressed as the per cent of the administered P*® per mg. 
of phosphorus. 

|| Relative specific activity is the ratio of specific activity of phospholipide P to 
that of acid-soluble P. 
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That ligation as carried out in this experiment does not interfere with 
phospholipide formation is evidenced by a comparison of the values for the 
relative specific activities of either portion of the ligated small intestine 
with those of the unligated small intestine at the 6 hour interval after 
the injection of the P* (see Table I). 

The results shown in Table II leave no doubt that the absorption of 
cream (an emulsified fat) or the absorption of corn oil or of its fatty acids 
does not increase the relative specific activity of the small intestine. This 
means that fat absorption in the dog is not accompanied by a significant 
increase in the rate of phospholipide formation by the small intestine. 

Schmidt-Nielsen (7) has pointed out that phosphorylation of fat may be 
limited to the epithelial cells of the mucosa. Since these cells constitute 
but a small fraction of the entire mucosa, he argued that the increase in 
phospholipide formation induced in these cells by fat absorption would not 
be detectable when whole mucosa is analyzed. For this reason, in several 
dogs care was taken to remove the villi (as proved by subsequent histo- 
logical examination) of the duodenal and ileal sides of the ligated small 
intestine. Here again no differences were observed in their relative specific 
activities when fat absorption was allowed to proceed in the duodenal side. 
It is therefore questionable whether, even in the epithelial cells, lipide 
phosphorylation is increased during fat absorption. 


Lipide Phosphorylation in Small Intestine of Rat 


Corn Oiul—The first experiment was carried out on five groups of rats 
that had been fasted for 24 hours. All rats of each group were injected 
either subcutaneously or intramuscularly with radioactive phosphate, 
whereas only half of them were fed corn oil by stomach tube. The animals 
were sacrificed at various intervals from 0.25 to 9 hours after the adminis- 
tration of P*. White intestinal lymphatics, evidence of fat absorption, 
were observed in all rats at the time they were sacrificed. In these animals 
the entire small intestine was used for determinations of phospholipide and 
acid-soluble phosphorus. 

This experiment was designed to make possible a comparison of lipide 
phosphorylation in the small intestine of each fat-fed rat with its own con- 
trol. Such comparisons are shown in each horizontal line of Table III. 

The results obtained in this first experiment with the whole small intestine 
of the rat are in good agreement with those obtained with the mucosa of 
the dog. It should be pointed out, however, that previous investigations 
with P® have led to quite contrary conclusions. Thus Schmidt-Nielsen 
(7), who used oleic acid and peanut oil, and Fries et al. (13), who used olive 
oil, observed a stimulation of phospholipide formation as measured with 
P®, Hence in the next two experiments (Tables III and IV) a variety of 
oils was tested. 
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Comparison of Various Oils—The results obtained with peanut oil (Table 
III) are equally conclusive in failing to show a stimulation of lipide phos. 
phorylation during fat absorption. 

In the next experiment (Table IV), results obtained with cod liver oil, 
peanut oil, and corn oil were compared with those from a single control 


TABLE IV 


Comparative Effects of Corn Oil, Peanut Oil, and Cod Liver Oil on Phospholipide 
Formation of Whole Small Intestine of Rat 


| Speci 
Phospho- Specific Relative 


After fat After P | Rat | lipide P® activity of activity o 


“tration® |"tration | | ble activity 
hrs. hr. gm. me. 
Corn oil, 2.1 gm. 5 | 1 | 218 | 4.35 | 0.0876! 0.771] O.11 
ee 170 | 4.42 10.148 | 1.39 | O.11 
5 1 170 | 4.95 | 0.141 | 0.989] 0.14 
5 1 156 | 4.33 | 0.244 | 1.37 | 0.18 
163 | 4.38 | 0.181 | 1.28 | 0.14 
Peanut oil, 2.1 gm. 218 | 4.65 | 0.0768! 0.760} 0.10 
167. 4.238 | 0.104 | 0.751] 0.14 
166 | 4.71 |0.184 | 1.23 | 0.15 
155 | 4.51 | 0.126 | 1.12 | O.11 
| 5 | 1 | 14 | 4.95 | 0.0998! 1.03 | 0.10 
Cod liver oil, 2.1 gm. 4.93 | 0.205 | 0.972! 0.21 
1 | 184 | 4.49 | 0.203 | 1.15 | 0.18 
| & | 1 | 166 | 4.65 | 0.144 | 0.985] 0.15 
| & | 1 | 156 | 4.42 | 0.188 | 1.29 | 0.15 
Controls, no fat ee 192 3.75 | 0.0701 | 0.785 | 0.089 
| 1 185 | 4.00 | 0.0525 | 0.958 | 0.055 
| ae 168 | 3.97 | 0.0854) 1.13 | 0.076 
| = 162. 4.03 | 0.0850 | 1.02 | 0.083 
fe 134 | 2.82 | 0.114 | 1.15 | 0.099 


* Lacteals appeared white at the time of sacrifice. 
¢t The specific activity is expressed as the per cent of the administered P*® per mg. 


of phosphorus. 
t Relative specific activity is the ratio of specific activity of phospholipide P to 
that of acid-soluble P. 


group. The animals were sacrificed 5 hours after the introduction of the 
fat into the gastrointestinal tract and 1 hour after P® administration. 
Interestingly enough, a suggestive indication of an increase in lipide phos- 
phorylation was observed for all three fats. But the increase observed in 
this experiment is too little to account for passage of the absorbed fat by 
way of phospholipide intermediates. It should be noted that the procedure 
used in this experiment was identical with that employed by Schmidt- 
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Nielsen (7), who under these conditions observed a 4-fold increase in the 
specific activities of phospholipide phosphorus in the small intestine of the 
rat absorbing peanut oil. 

Effect of Age—The results shown in Table V offer no evidence that young 
rats weighing from 80 to 122 gm. differ in their response to ingested fat from 
older rats. 

As noted above, the results obtained in the present investigation differ 
from those obtained by other investigators in the effect of fat absorption 


TABLE V 


Effect of Age on Phospholipide Formation of Whole Small Intestine of Fasted and 
Fat-Fed Rats 


All rats were sacrificed 5 hours after fat feeding and | hour af ter P P® administration. 


— 


'Phospholipide P® per Specific activity of phos- Specific activity of acid- | Relative specific 


gm. dry weight | pholipide P* | soluble activityt 
Weight 
| | corn | | Con Cod | Con | Cod | Con- | Corn | Cod 
trols | oil x lis a | trols conn oil liver “ trols om oil liver oil} trols oil liver 
cm. me. | me. | me. | | | | 
80-97 | 4.30 4.74) 4.800. 0893 0. 181 (0.256 1.11 52 |2.10 (0.081 '0.12 |0.12 
| | | 4.42 0.192. | 0.158 0.12 
112-122) 2.79 4.63 4.250. 0054.0. 200 0.168 0.857 [1.08 1.65 0.11 0.19 /0.10 
4.24 4.75 4.450.07080.121 (0.151 0.527 0.955 1.23 (0.13 0.13 |0.12 
(4.47 4.18 0.07160.146 | 1.07 [1.12 | 0.07 (0.13 
210-245, 3.93, 4.96 4.120.05170.0590.0.159 0.803 0.966 1.19 0.06 (0.06 0.13 
| 3.83 4.16 0.0386 0.0637 1.06 0.953 | 0.04 (0.07 
252-260 4.12 4.75 4.330.05000.168 0.114 0.910 1.03 |1.06 (0.06 10.16 0.11 
| 0.104 | 0.667 0.16 


290-300) 4.02 4.40 4.15 0.08700. OS64 0. 135 0.867 0. 123 0. 10 0. 10 0. 11 


° ‘ The specific activity is expressed as s the per cent of the administered P*? per mg. 


of phosphorus. 
t Relative specific activity is the ratio of specific activity of phospholipide P to 


that of acid-soluble P. 


upon lipide phosphorylation in the small intestine of the rat. In attempt- 
ing to explain this difference, attention was directed to the possibility that 
the experimental procedure employed by the various investigators was not 
the same. In the present investigation we have ruled out the possibility 
that factors such as the oil used, the age of the rat, and the interval after 
fat and P® administration could explain the discrepancy. Artom and 
Cornatzer (14) have recently pointed out that ‘‘the supply of choline (or 
choline precursors) may represent a limiting factor for the formation of 
phospholipides during the absorption of fat from the intestine.” It is 
unlikely that the 24 hour fast, to which all rats were subjected in this inves- 
tigation, could have created a choline deficiency. Since Artom and Cor- 
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natzer observed in choline-deficient rats that fat absorption occurred 
without an increase in phospholipide formation by the small intestine, 
their findings provide additional support for the conclusion offered here 
that phospholipides are not obligatory participants in fat absorption. 


DISCUSSION 


According to the concept first expressed by Sinclair (3), phospholipides 
are intermediates in the synthesis of neutral fat from fatty acids within the 
intestinal wall. Bloor in 1943 (15) described the mechanism as follows: 
‘“‘As soon as the fatty acids are absorbed into the epithelial cells, molecules 
of phospholipide react with the free fatty acids (or soaps) to form neutral 
fat;? immediately, however, the residual phosphoric acid-base complex? 
unites with the newly absorbed fatty acids and glycerol to form 
phospholipide.”’ 

The evidence dealing with the question whether phospholipides form an 
obligatory step in fat absorption may be grouped according to the following 
methods of study: (1) labeled fatty acids, (2) inhibitors and accelerators 
of lipide phosphorylation, (3) lymph phospholipides, and (4) radioactive 
phosphorus. Many of these investigations have been reviewed by Verzsr 
and McDougall (17), Bloor (15), and Frazer (18). 

That fatty acids present in the intestinal lumen are incorporated into the 
lipide fractions of the mucosa has been amply demonstrated with such 
labeling agents as elaidic acid, iodized fatty acids, and conjugated fatty 
acids. The significance of their appearance in mucosal phospholipides, 
from a qualitative point of view, has been dealt with in the “Introduction.” 
Moreover, Barnes c/ al. were impressed by the fact that at the height of fat 
absorption, when neutral fat in the mucosa contained large amounts of 
administered labeled tatty acid, only small amounts of their labeled fatty 
acids appeared in the phospholipide fraction of the small intestine (6). 
They therefore concluded that phosphorylation is not an essential part of 
fat transport through the intestine. 

As evidence favoring phospholipides as intermediates in fat absorption, 
Verzar and his associates offered their findings that iodoacetic acid, phlor- 
hizin, and adrenalectomy interfered with fat absorption as well as with 
phosphorylations in the intestine (17). Klinghoffer has shown that iodo- 


2 The other possibility, namely that glycerol choline serves as a stable skeleton 
to earry fatty acids, can, for obvious reasons, not be tested with the radioactive 
isotope of phosphorus. This possibility is being investigated with C!'-labeled palmi- 
tic acid. 

3Since Riley (16) found that administered phosphoryl! choline phosphorus ts 
rapidly converted to inorganic phosphorus, it should not be inferred that even the 
phosphoric acid-nitrogen base complex enters and leaves the phospholipide molecule 
as a stable unit. 
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acetic acid induces pathological changes in the intestine, so that it is 
unnecessary to invoke an interference in phosphorylation to account for a 
depressed fat absorption in the animal treated with this drag (19). The 
work of Barnes ef al. leaves no doubt that the fatty acid-glycerol ester 
linkage can be formed in the adrenalectomized rat (20), whereas Stillman 
et al. offered direct proof that phosphorylation of fat, as measured by the 
incorporation of administered radiophosphorus into the phospholipide 
molecule, is not interfered with in the small intestine of the adrenalecto- 
mized rat (21). 

Verzir and Laszt claimed that fat absorption can be accelerated by the 
addition of either glycerol and phosphate or glycerophosphate (22). This 
finding has been confirmed by Cera and Bellini (23). The Verzdr school 
interprets these experiments as meaning that during its absorption fat is 
transformed in the intestinal mucosa to phospholipide, the latter being 
intermediate in the synthesis of neutral fat in the epithelial cells (17). 

Many workers have shown that the phospholipide content of intestinal 
lymph or thoracic duct lymph is increased during fat absorption. This has 
been confirmed by Flock et al. (24), as well as in this laboratory. It has 
been pointed out that phospholipide fatty acids contained in lymph account 
for very little of the fat absorbed, much the largest portion of the extra 
fatty acids contained in lymph being present as triglycerides. This argu- 
ment, however, need not invalidate the concept of lipide phosphorylation 
in fat absorption because (1) the amount of extra phospholipides carried by 
portal blood during fat absorption has not been satisfactorily measured 
and (2) it is conceivable that, if phospholipides are formed as intermediates 
in neutral fat synthesis, they do not escape from the intestinal wall. 

In the rat injected with P* an increase in the specific activity of the 
intestinal phospholipide phosphorus during fat absorption has frequently 
been reported (7, 13). The extensive observations reported here on rat 
and dog, however, do not confirm the earlier observations. The more 
recent findings of Schmidt-Nielsen (7) deserve particular mention. Al- 
though he found an increase in the specific activity of phospholipide phos- 
phorus of the rat’s small intestine during fat absorption, he calls attention 
to the fact that the increase is insufficient to account for the conversion of 
the absorbed fat to phospholipide, unless the phosphorylation process is 
limited to the epithelial cells. But even this limitation would appear inad- 
equate to explain our failure to observe any increase whatsoever in the 
relative specific activities of the phospholipides of the villi in the small 
intestine of the fat-absorbing dog. 

The inconclusive nature of the above earlier evidence offered in support 
of phosphorylation, coupled with the more definite finding of the present 
investigation, namely that fat absorption does not stimulate the rate of 
phospholipide turnover in the whole small intestine or in its mucosa, leads 
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us to conclude that fat can pass through the intestinal wall without involv. 
ing phospholipide as an obligatory intermediate. 


SUMMARY 


1. A discussion is presented on the use of relative specific activities of 
phospholipide phosphorus for comparing phospholipide turnover under 
different experimental conditions. 

2. In the dog, neither the amount nor the tunover of the phospholipide 
of the mucosa or the villi of the small intestine is affected by the absorption 


of cream, corn oil, or corn oil fatty acids. 

3. In the rat, such increases in the relative specific activities of phospho- 
lipide phosphorus of the small intestine as may occur during fat absorption 
are too small to account for all of the absorbed fat having passed through 


a phospholipide stage. 
4. The findings presented here fail to support the hypothesis that phos- 
pholipides are obligatory intermediates in the passage of absorbed fat 


through the intestinal wall. 
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Previous work on the synthesis of methionine in Neurospora (1) has 
established that the sulfur atom is derived from cysteine by way of the 
following series of gene-determined steps: 


Cysteine — cystathionine — homocysteine — methionine 


The same pathway can account for the formation of cysteine from me- 
thionine in animals (2). The key intermediate in these transformations is 
the asymmetrical thioether cystathionine; this compound mediates the 
transfer of the sulfur atom from the 3-carbon chain of cysteine to the 4- 
earbon chain of homocysteine in Neurospora and vice versa in animals. 

The experiments of Binkley and du Vigneaud (2) suggest that homo- 
cysteine and serine condense in the rat liver to form cystathionine which 
cleaves to give cysteine. Binkley (3) has shown that cleavage of cyst- 
athionine by liver is accompanied by the disappearance of one high energy 
phosphate bond; it was suggested that the product of the cleavage reaction 
in addition to cysteine is the phosphate ester of a-amino-y-hydroxybutyric 
acid (phosphohomoserine). 

We have recently obtained evidence that homoserine is the precursor of 
the 4-carbon chain of cystathionine (and therefore of the carbon skeleton 
of methionine) in Neurospora. At the same time, an unexpected and not 
yet fully understood relationship between the biological syntheses of methi- 
onine and of threonine was discovered. 


Materials and Methods 


Mutant Strain— This paper deals with strain 51504, a mutant of Neuro- 
spora crassa obtained at the Stanford laboratories by ultraviolet irradiation 
of asexual spores. Crosses of this mutant with strains normal with regard 
to amino acid requirements were made and ascospores were dissected and 
cultured. Of these asci, 89, of which at least one member of each spore 
pair germinated, were analyzed for the mutant character. All 89 asci 
showed two pairs of mutant spores and two pairs of normal spores. These 


* Present address, Monsanto Chemical Company, Clinton Laboratories, Oak 
Ridge, Tennessee. 
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are the results to be expected if the mutant character differs from the nor- 
mal by a single gene. Tests carried out on cultures derived from several 
complete asci showed that recovered strains have the same growth require- 
ments, qualitatively and quantitatively, as the parental strains. 

Linkage studies with morphological and biochemical mutant markers 
showed that the gene conditioning the mutant character of strain 51504 is 
located on the first chromosome on the arm opposite the sex gene, about 
25 crossover units from the centromere. For techniques of crossing and 
ascus dissection and testing, see Beadle and Tatum (4). 

Growth of the mold was measured as the dry weight of mycelium pro- 
duced after 72 hours incubation at 25°. Cultures were grown in 20 ml. of 
medium in 125 ml. Erlenmeyer flasks. ‘The basal medium and the tech- 
niques for inoculation, drying the pads, and keeping stock cultures have 
been described elsewhere (5). 

Compounds—p.i-Homoserine was synthesized in the following manner. 
a-Acetobutyrolactone, prepared by the procedure of Knunyantz et al. (6), 
was converted to the phenylhydrazone of a-ketobutyrolactone by the 
method of Harradence and Lions (7). The reduction of the phenylhy- 
drazone with tin and HCl to yield homoserine has been reported by 
Feofilaktov and Onishchenko (8). It was found, however, that the reduc- 
tion goes more smoothly with zine and methanolic hydrogen chloride, 
according to the procedure used by Feofilaktov for the preparation of other 
amino acids (9). 105 gm. of phenylhydrazone and 100 gm. of zine dust 
were suspended in 1 liter of 95 per cent ethanol. ‘The mixture was placed 
in an ice bath and 500 ml. of 25 per cent hydrogen chloride in methanol 
were added with stirring over a period of 6 hours. The unchanged zine 
was filtered off and the aleohol and excess HCI removed from the filtrate by 
concentration under reduced pressure. The residue was dissolved in water 
and treated successively with lead carbonate, silver carbonate, hydrogen 
sulfide, and nuchar. The colorless solution was evaporated to dryness over 
a water bath. The residue was crystallized by dissolving in water and 
adding 95 per cent ethanol. The yield after recrystallization was 15.2 gm., 
m.p. 180-181°. 

In the preparation of p-methionine, pi-methionine was formylated 
according to the method of du Vigneaud ef al. (10) for pL-cystine. 10 gm. 
of pL-methionine were dissolved in 120 ml. of 88 per cent formic acid. The 
temperature was brought to 59-61° and maintained there by the slow 
addition of 42 ml. of acetic anhydride. When the mixture was cool, 21 ml. 
of water were added and the clear solution was concentrated under reduced 
pressure. Upon crystallization of the residue from ethyl acetate, there 
were obtained 9.1 gm. of formyl-pi-methionine, m.p. 100-101°. The 
resolution of formyl-pL-methionine and the recovery of p-methionine were 
carried out according to the procedure of Windus and Marvel (11). 
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u-Cystathionine was isolated from strain me-2 (H98) of Neurospora crassa, 
as described by Horowitz (1). pt-Homocysteine thiolactone hydrochloride 
was prepared by the method of Riegel and du Vigneaud (12). b- and 
i-threonine were kindly made available by Dr. R. T. Major of the Merck 
Research Laboratories. 


RESULTS AND DISCUSSION 


Strain 51504 was originally classified as a threonineless mutant, since 
threonine was the only amino acid tested upon which it showed any growth, 
although even here growth was scant. The following twenty-five amino 
acids, tested singly in concentrations of | mg. per 20 ml. of medium, do not 
support the growth of this strain: pi-threonine (slight growth), pt-isoleu- 


Taste 
Effect of Various Supplements on Growth of Strain 516504 


The indicated amounts of supplement were added to 20 ml. of basal medium. 
Growth was measured as the dry weight of mold produced after 72 hours at 25°. 


Supplement Growth 
me. 
5 mg. hydrolyzed casein... | 
+ 2 mg. pL-threonine 45.0 
1 “ pu-threonine. _. 2.0 
+1 pL-homocysteine thiolactone hydrochloride.| 27.5 
+1 “ L-cysteine hydrochloride................... 2.0 
l +] w-cystine.. 2.0 
+1 eholine chloride 13.0 
1 w-threonine + 1 L-methionine. 


»p-threonine 


cine, DL-methionine, L-histidine, pi-valine, L-lysine, L-tryptophan, pL- 
leucine, glycine, pD.L-alanine, pDL-aspartic acid, L-proline, L-arginine, 
hydroxy-L-proline, L-glutamic acid, pL-serine, L-tyrosine, L-cystine, L- 
cysteine, DL-norleucine, DL-phenylalanine, pL-norvaline, DL-a-aminobutyric 
acid, pi-citrulline, and pL-ornithine. 

Further study of the growth requirements of the mutant showed that it 
responds to threonine plus some factor or factors present in casein hydroly- 
sate, although no response was obtained with casein hydrolysate alone 
(Table 1). Experiments were carried out to discover whether any of the 
amino acids mentioned above would replace the factor in casein hydrolysate. 
Each of the twenty-five amino acids was tested with threonine in 1 mg. 
amounts. Methionine was found to be the only one which supports growth 
in the presence of threonine. 
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Attempts to replace the threonine portion of the requirement were carried 
out by supplying each of the twenty-five amino acids in the presence of 
methionine. None of them was found to replace threonine. Tests with 
L- and p-threonine showed that only the natural form is active for the 
mutant (Table 1). This provides further support of the idea that the 
D-amino acid oxidase plays an essential part in the inversion of the unnat- 
ural enantiomorphs of the amino acids, since it has been shown that the 
p-amino acid oxidase of Neurospora does not attack p-threonine (13). 

Further tests were made to determine whether known precursors of 
methionine are able to fulfil the methionine requirement of the mutant. 
The results (Table I) show that cystathionine and homocysteine (as the 
thiolactone), but not cysteine, will promote growth of this strain when 
supplied together with threonine. Choline shows some activity, presum 
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Fic. 1. Growth of strain 51504 on pt-homoserine (@) and on a mixture containing 
equal parts of pL-methionine and pui-threonine (O). 


ably by virtue of a sparing action on methionine. It is inferred from these 
results that the methylation of homocysteine and the cleavage of cysta- 
thionine to yield homocysteine proceed normally in the mutant, but that 
the synthesis of cystathionine from cysteine is blocked. In regard to 
blocking methionine synthesis, strain 51504 thus resembles strain me-3 
described previously (1); it differs from the latter in that the block to cysta- 
thionine synthesis in mutant 51504 at the same time abolishes threonine 
synthesis. 

In explanation of the nutritional requirements of strain 51504, the possi- 
bility immediately suggests itself that cystathionine and threonine have a 
common precursor whose synthesis is blocked in the mutant. Strong 
evidence for this hypothesis would be obtained if a substance could be 
found which, when supplied to the organism, satisfies both the methionine 
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and the threonine requirement. The tests described above showed that 
none of the common amino acids can replace both threonine and methi- 
onine in promoting the growth of the mutant. It was therefore decided 
to test homoserine; although there was no basis for assuming it to be bio- 
chemically related to threonine, homoserine suggested itself as a precursor 
of cystathionine by analogy with the serine-homocysteine reaction in the 
rat liver (2, 3). 

pi-Homoserine was synthesized by the method described above and, 
when tested on strain 51504, was found to be active. It appears, therefore, 
that homoserine gives rise to both methionine and threonine in Neurospora. 


Gene me-4 Gene 
ene others Gene 
me-3 


HOOC-CHNH;:-CH;-SH + HOCH;-CH,;-CHNH,-COOH 
1) 


| 


CH;-CHOH-CHNH,-COOH 
(VI) 
HOOC-CHNH, 
(IIT) 


Gene 
pune 


HS-CH,;-CH;-CHNH;-COOH 
(IV) 


Gene 
me-I 
CH,-S-CH,-CH,; CHNH,;-COOH 
(V) 


The activity of pL-homoserine for the mold is equal to or better than that 
of a mixture of pL-threonine and pL-methionine (Fig. 1), a fact which adds 
weight to the idea that homoserine is a normal biological precursor of 
threonine and methionine. In the accompanying diagram this conclusion 
is incorporated into the previously arrived at scheme of methionine syn- 
thesis in Neurospora (1); the genes known to control various stages of the 
process are indicated. Cysteine (1) condenses with homoserine (II), giving 
rise to cystathionine (III); cystathionine is cleaved to homocysteine (IV), 
which is methylated to yield methionine (V); in a separate reaction, or 
series of reactions, homoserine gives rise to threonine (VI). 

Although the mechanism of the conversion of homoserine to threonine is 
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not known, an obvious possibility is that of a shift of the hydroxyl group to 
the 8 position. The first step in this rearrangement might be a dehydration 
of homoserine to the 8,y-unsaturated amino acid, analogous to the reaction 
suggested for serine and threonine by Chargaff and Sprinson (14). Rehy- 
dration to threonine might then take place. Still other mechanisms suggest 
themselves; for example, it is conceivable that homoserine acts as a specific 
amino, or even hydroxyl, donor to the immediate precursor of threonine. 
Methionine Inhibition—In an experiment designed to determine the 
minimum amounts of threonine and methionine required for optimal growth 
of the mutant, it was discovered that an excess of methionine inhibits 
growth. The inhibition appears to involve a competition between methi- 
onine and threonine, since it is relieved by increasing the threonine con- 
centration, as shown in Table II. When the effe sts of L- and pi-methionine 


TasBie Il 
Effect of Varying Threonine and Methionine Concentrations on Growth of Strain 51504 
The values represent growth of the mold in mg. 
pt-Methionine, mg. per 20 ml. 


0.1 1.0 10 
mg. per 20 ml. | | 

0 0 ) | 0) 0 0 
0.1 0) 0 | () 0) 
0.5 32 0 
1.0 40 7 0 
2.0 2 17 l {) 
5.0 2 2 


10.0 


were compared, the surprising result was obtained that L-methionine is twice 
as inhibitory as the racemic mixture, leading to the conclusion that the 
inhibitory action is confined to the natural isomer. Confirmation of this 
result was obtained in experiments in which the mutant was grown with 
threonine plus varying amounts of p-methionine. As is shown in Table 
III, both enantiomorphs support the growth of the strain, but only L- 
methionine is inhibitory in the concentration range tested. ‘To explain this 
result it seems necessary to assume that p-methionine is converted to 
L-methionine at a rate sufficient to provide for the growth of the mutant, 
but not at a rate sufficient to give rise to an inhibitory concentration of the 
natural enantiomorph. 

The critical molar ratio of L-methionine to L-threonine, above which 
inhibition sets in, is approximately 0.8. Inhibition is complete when the 
ratio exceeds 2. The exact ratios vary with the age of the culture used in 
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testing, older cultures being somewhat more sensitive to methionine inhi- 
bition than fresh ones. Inhibition by methionine is also observed when 
the mutant is grown on homoserine (Table ITT). 

The growth of the wild type Neurospora is not inhibited by pL-methionine 
in a concentration of 10 mg. per 20 ml., or by various mixtures of threonine 
and methionine. ‘The effect appears to be specifically related to strain 
51504 and is similar in this respect to the inhibition of the growth of lysine- 
requiring mutants of Neurospora by L-arginine, described by Doermann 
(15). Tests with other amino acids have shown that the inhibitory action 
isnot confined to L-methionine. p.L-Norvaline, L-tyrosine, and DL-a-amino- 
butyric acid were all found to suppress growth of strain 51504 when added 
in ] mg. amounts to a medium containing optimal concentrations of threo- 
nine and methionine; it is probable that still other amino acids will be 


Tas_e III 
Inhibition of Growth by L-Methionine 
The values represent growth of the mold in mg. 


Methionine configuration 
Supplement 


DL L- D- 
1 mg. pL-threonine + 0.5 mg. methionine. : 44.0 48.5 43.0 
+ 1.0 46.0 20.0 | 40.0 
1.5 42.0 0.5 | 41.5 
1 pL-homoserine + | 


found to inhibit the growth of this stram. ‘The failure of the mutant to 
grow in medium supplemented with casein hydrolysate (see above) is thus 
explained as resulting from the inhibitory effects of various amino acids. 


This investigation was supported by grants trom the Nutrition Founda- 
tion, Inc., and the Rockefeller Foundation. 


SUMMARY 


A monogenic, radiation-induced mutant of Neurospora which requires 
methionine and threonine for growth is described. The methionine require- 
ment can be satisfied by homocysteine or cystathionine, but not by cysteine. 
Both the methionine and the threonine requirments can be satisfied by 
homoserine. ‘These results indicate that homoserine functions as a pre- 
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cursor of threonine in the organism and geo gives rise to the 4-carbon chain 
of cystathionine. 

The mutant utilizes L-threonine but not p-threonine for growth, whereas 
both enantiomorphs of methionine are active. Growth of the strain is 
inhibited by excess L-methionine; the inhibition can be reversed by | 
increasing the threonine concentration. p-Methionine is not toxic to the _ 
mutant in any concentration tested. | 
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Clostridium kluyvert is an anaerobic bacterium which was shown several 
years ago to convert ethanol to caproic acid (1-3). This unusual process 
could not be adequately studied at that time because of difficulties in grow- 
ing the organism. These difficulties have recently been overcome and it is 
now possible to grow the bacterium in any desired quantity in a completely 
synthetic medium with relative ease (4). Nutritional studies have shown 
that Clostridium kluyvert is unable to attack substrates like glucose and 
pyruvate which are commonly fermented by other anaerobic bacteria, but 
it obtains energy by the simultaneous decomposition of ethanol and a salt 
of one of the lower fatty acids, which may be acetate, propionate, or butyr- 
ate. It is the purpose of this paper to describe the over-all chemical 
reactions that occur during the transformation of these substrates. It will 
be shown that the main fermentation products are acetic, n-butyric, n-va- 
leric, n-caproic, and n-heptanoic acids and hydrogen. Also some evidence 
concerning the mechanism of formation of these fatty acids will be pre- 


sented. 
Methods 


Culture Medium—aAll experiments were done with growing cultures of 
Clostridium kluyvert, strain K.1. The following Medium 1 was used: 
ethanol 0.1 to 2.0 gm., sodium salt of a fatty acid 0.1 to 1.5 gm., KH,PO,- 
NazsHPO, buffer (1 mM, pH 7) 2.5 ml., (NH4)2S80,4 50 mg., MgSO,-7H,0 20 
mg., CaSO,-2H.O 1 mg., FeSO,-7H,O 0.5 mg., MnSO,-4H,O 0.25 mg., 
NaMoQ,-2H,0 0.25 mg., Difco yeast extract 75 mg., NasS-9H:,O 20 mg., 
Na,CO, 10 mg., and glass-distilled water 100 ml. In small scale experi- 
ments the sulfide was usually replaced by 50 mg. of sodium thioglycolate. 
All cultures were incubated under strictly anaerobic conditions at 35°. 

Chemical Methods—-Gases were collected over mercury and analyzed in 
a Fisher gas analysis apparatus. Dissolved carbon dioxide was estimated 
by the manometric method described by Peters and Van Slyke (5), aleohol 
by a semimicro modification of the method of Northrop et al. (6), following 
distillation, and total volatile acids by steam distillation and titration. 

The separation of fatty acids in mixtures was accomplished by distillation 
in an efficient fractionating column at reduced pressures. The individual 
acids were identified by determining their physical properties, including 
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Duclaux distillation constants, refractive indices, melting and boiling points 
of the free acids, and melting points of the acid amides. The identification 
of the higher fatty acids will be considered in detail in connection with the 
individual experiments. 

For the estimation of acetic, butyric, and caproic acids in a mixture, the 
Duclaux distillation method was used (7). Tests on known mixtures 
showed that the error in the estimation of an individual acid is usually 
within +5 per cent, provided the acid constitutes more than one-fifth of 
the total acid in the sample. 

The quantitative analysis of mixtures of fatty acids containing acetic, 
propionic, n-butyric, n-valeric, n-caproic, and n-heptanoic acids will be 
discussed in connection with the ethanol-propionate fermentation. 


EXPERIMENTAL 


Ethanol-Acetate Fermentation large seale fermentation was carried out 
to provide enough material to permit positive identification of the produets, 
For this purpose «a 12 liter culture of Medium 1 containing 0.65 per cent 
ethanol and 0.5 per cent sodium acetate was incubated for 12 days until 
growth had ceased and was then analyzed. 

The residual neutral volatile compounds were collected by distillation 
and tested for aldehydes and ketones with 2,4-dinitrophenvlhvdrazine 
with negative results. The alcohol was then oxidized with acid dichromate 
to the corresponding fatty acid, which was demonstrated to be pure acetic 
acid by the Duclaux distillation method. [It may be coneluded that ethanol 
was the only alcohol present and no other neutral volatile compounds were 
formed during the fermentation. 

About 35 ml. of mixed fatty acids were separated and subjected to frae- 
tional distillation. Six fractions were collected as shown in Table 1. 
Fraction A was identified as acetic acid by Duclaux distillation and by the 
equivalent weight. Fraction B was found by Duclaux distillation to con- 
sist mainiy of acetic acid contaminated with a small quantity of «a higher 
acid, probably butyric acid. Fractions C and D were identified as a-butyrie 
acid. The Duclaux distillation values for these fractions are identical with 
those for synthetic n-butyrie acid and the equivalent weight is approxi- 
mately correct. Both the melting and boiling points correspond to those 
for m-butyrie acid; the values are very different from those of isobutyric 
acid, which has a melting point of —47° and a boiling point of 154.1”. 
Fractions Ek and F were identified as caproic acid by Duelaux distillation 
and the equivalent weight determination. The boiling, melting, and freez- 
ing points identify the caproic acid as the normal isomer. The boiling 
points of other eaproic acid isomers lie between 183.5—199° and the melting 
points are between —1.5° and — 42°. 
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Additional evidence concerning the identity of the caproie acid isomer 
was obtained by determining its infra-red absorption spectrum.’ Samples 
of the acid were dissolved in both carbon disulfide and carbon tetrachloride 
and its spectrum was compared in the region from 2 to 15 my with that of a 
sample of n-caproic acid obtained from the Carbide and Carbon Chemicals 
Corporation, and described as having a purity of better than 98 per cent. 
The two samples had identical spectra, except that the bands at 6.59 and 
13.13 mp were stronger in the bacterial preparation. This indicates that 
the latter is mostly w-caproie acid, contaming a small amount of some im- 
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Physical Properties of Fatty Acid Fractions from Ethanol-Acetate Fermentation 


Distillation data 


Refractive Equivalent 
Fraction index. 22° weight oy. Moun 

mm. ile om , 

A | 72 1471S 

IS 69 10.00 1 3081 1620S 7.2to 

Is 0.95 1. 30s] 

> 5 94 22010 1.4164 203.6 —2.0 

} t 2.70 


* Freezing point, which is normally lower than the melting point with n-caproic 
acid, 
t Residue from Fraction bk. 


purity Which is common to it and to the reference sample. The nature or 
source of this impurity was not determined. 

From the above results one may conclude that the volatile acids present 
at the end of an ethanol-acetate fermentation Consist mainly if not entirely 
of acetic, m-butyrice, and n-cuproic acids. Quantitative data on this fer- 
mentation are given in Table Il. It is evident that butvrate, caproate, 
und hydrogen account tor nearly all the ethanol and acetate consumed. 

Ethanol-Propionate Fermentation’ culture consisting of 5.5 liters of 
Medium 1, containing 1.5 per cent sodium propionate and 2 per cent etha- 
nol, Was incubated for 18 days until growth ceased and was then analyzed. 

The neutral volatile fraction of this fermentation consisted of ethanol 
containing « small amount of a higher aleohol which was not identified. 
No aldehydes or ketones could be detected. 


' The infra-red spectra were determined by Dr. R. R. Brattain of the Shell De 
velopment Company. The authors wish to express their appreciation to Dr. Brat 
tain and to Dr. Otto Beeck for making it possible to obtain this information. 
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About 60 ml. of mixed volatile acids were recovered from the fermented 
medium. A small sample of the mixture was subjected to an azeotropic 
distillation (8), with benzene, toluene, and xylene, successively, in order to 
learn its approximate composition. Control experiments with a known 
mixture of fatty acids showed that the benzene distillate contains acetic 
acid and sometimes a small quantity of propionic acid, the toluene distillate 
contains most of the propionic and butyric acids, the xylene fraction con- 
tains valerie and ecaproic acids, and the residue from the xylene distillation 
contains heptanoic and higher acids. The approximate composition of 
each fraction was determined by Duclaux distillation. The distillation 
data indicated the presence of acetic, propionic, butyric, valeric, and cap- 
roic acids in considerable amounts and also a small amount of a higher 
acid. To obtain more conclusive evidence as to the identity of the in- 


TABLE II 
Ethanol-Acetate Fermentation 


per 100 mi. 

Substrates* decomposed Ethanol 4.55 

Acetate 2.18 
Products formed Butyrate 1.04 

Caproate 1.46 

Hydrogent 1.11 
Carbon recovery, % 6 
Oxidation-reduction index | | 1.00 


* Initial and final ethanol concentration, 8.37 and 3.82 mm per 100 ml., respec- 
tively; initial and final acetate concentration, 3.57 and 1.38 mM per 100 ml., respec- 
tively. 

¢t Determined in a parallel fermentation of smaller volume. 


dividual acids, the mixed fatty acids were subjected to a fractional dis- 
tillation. Eight fractions were collected; these are listed in Table III 
along with some of their physical properties. 

Fraction A undoubtedly consists of a mixture of water, acetic acid, 
and propionic acid. This is indicated by the distillation temperature 
range and by Duclaux distillation data, which correspond to a 3:2 mixture 
of acetic and propionic acids. Fraction B consists of almost pure pro- 
pionic acid. This conclusion is supported by the data on the distillation 
temperature range, by the Duclaux distillation data, and by the refractive 
index: observed 1.3858, propionic acid 1.3873. The same types of evidence 
and the characteristic odor indicated that the small Fraction C is a mixture 
of about equal parts of propionic and butyric acids. Fraction D is almost 
pure butyric acid. The identity of the butyric acid isomer was not in- 
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vestigated in detail. Since butyric acid is undoubtedly formed from ace- 
tate, as in the ethanol-acetate fermentation, it seems safe to assume that 
here we are also dealing with the normal isomer. 

Fractions k: to H were examined with special care to establish the identity 
of the isomers as well as the number of carbon atoms. Fractions E and F, 
comprising more than half the total acid, appear to consist of a single 
compound, n-valeric acid. The Duclaux data, equivalent weight de- 
termination, and distillation temperature range identify the compound as 
a valeric acid. It is possible to distinguish the normal frors the other three 
isomers by the following properties: b.p. 184.5-185.5°, n-valerie acid 186°, 
other isomers 163.8-176.5°; m.p. —35.0° to —36.5°, n-valerie acid —34.5°, 


Taste III 
Physical Properties of Fatly Acid Fractions from Ethanol-Propionate Fermentation 


Distillation data | 


Fraction | | | M.p. | 
| Pressure | Temperature Amount | | 
ilg | | ml. gm. | 
A | 88 | 47-81 | 12.0 
B | 8 | 81-112 | 8.6 | 
| 63-73 | 1.4 | : 
D iis | 1.7 | | | 
E | 23 | 5-66 {| 13.0 | 101.8 | 1841.5 | -36.5 106* 
F 23 | 66-82 | 18.2 102.1 185.5 | 106* 
G 23 | 8291 | 3.4 | 116.4 204.0 —2.0 100* 
|  (-9.5)t 
Ht | | 14 | 130.4 | 221.0 | -6.0 96* 


—_ — — - — 


* Mixed melting points with amides of normal isomers. 
t Freezing point. 
t Distillation residue. 


other isomers — 80°, —30°, and 35.5°; m.p. of the acid amide 105.5°, n-val- 
eramide 106°, amides of other isomers 112—135°. a-Methylbutyric acid was 
completely eliminated as a possible constituent of Fractions E and F by a 
determination of the number of terminal methyl groups by the method 
of Ginger (9). The yield of acetie acid was 0.82 mole per mole of fatty 
acid. Under the same conditions, a-methylbutyric acid gave 1.48 moles 
of acetic acid and n-valeric acid 0.82 mole per mole. 

There was a sharp rise in the distillation temperature between Fractions 
F and G. Most of Fraction F distilled below 77°, while most of Fraction 
G distilled at 90°. All the data presented in Table III and the Duclaux 
distillation data indicate Fraction G to be n-caproie acid. Fraction H 
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was the residue left after distillation of the preceding fractions. The 
physical properties of the acid and its amide indicate it to be n-heptanoie 
acid. The acids of both Fractions G and H were shown to possess only g 
single terminal methyl group by the method of Ginger (9). 

On the basis of the above observations it may be concluded that the 
fatty acids formed in the ethanol-propionate fermentation are acetic, 
n-butyric, n-valeric, n-caproic, and n-heptanoie acids. The only other 
product formed in a significant amount is hydrogen. 

An accurate quantitative estimation of all the fatty acids in a mixture 
containing six components cannot be achieved by any method so far 
developed. However, the approximate quantities of the individual acids 
eould be calculated from the total volatile acidity, determined by direet 
steam distillation of the medium, and a knowledge of the fraction of the 


lV 


Ethanol-Propionate Fermentation 


mv per 100 mil, 
Substrates* decomposed ethanol 12.2 
Propionate 10.0 
Products Acetate 2.9 
n-Butyrate 0.65 
n-Valerate 7.2 
n-Caproate 0.7 
n-Heptanoate 0.25 
Hydrogent 2.4 
Carbon recovery, “; 
1.18 


Oxidation-reduction index 


* Initial and final ethanol concentration, 20.4 and 8.2mm per 100 ml1., respectively; 
initial and final propionate concentration, 14.6and 4.6m per respectively. 
+ Determined in a small scale parallel experiment. 


total volatile acid corresponding to each component. The latter values 
could be estimated from the fractional distillation data presented in Table 
Il] and from data on the composition of each fraction, obtained by Duclaux 
distillation. The results, calculated in this manner, are presented in Table 
IV. The carbon recovery (93 per cent) and oxidation-reduction index 
(1.18) are such as to indicate that the data are reasonably reliable. 
Ethanol-Butyrate Fermentation. Butyrate is not readily attacked by 
growing cultures of Clostridium kluyver? unless a little acetate is also present. 
For this reason acetate was added to the medium used for the ethanol- 
butyrate fermentation (Table V). The culture was allowed to ineubate 
until growth ceased. The experiment was done on a small seale (25 ml.) 
hecause it was believed that the products would be qualitatively the same 
as those formed in an ethanol-acetate fermentation, and therefore large 
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quantities were not required for the identification of the isomers. How- 
ever, the presence of acetate, butyrate, and caproate in the fermented 
medium was established by separating the acids by azeotropic distillation 
and identifying the individual components by Duclaux distillation. Quan- 
titative data on this fermentation are given in Table V. It is evident that 
most of the butyrate has been converted to caproate. ‘The results will be 
discussed further below. 


V 
Ethanol-Butyrate Fermentation 

é mt per 100 ml. 
Unfermented medium Ethanol ~10.00 

Acetate 1.00 

Butyrate 3.84 
Fermented Ethanol 3.06 

Acetate 1.01 

Butyrate 0.50 

Caproate 1.27 


* H, was produced, but was not collected. 


Taste VI 
Influence of Ethanol-Acetate Ratio on Yields of Butyrate and Caproate 


Experi- Experi- Experi- Experi- 
ment 1 ment 2 ment 3 ment 4 


mu per 100 mu per 100 mm per 100 ma per 100 
m/ mi, mi, 


ml 
Unfermented medium ethanol 1.70 1.70 4.70 4.70 
Acetate 0.74 1.50 3.02 6.00 
Fermented medium Ethanol 2.95 2.08 0.64 0.64 
Acetate 0.91 0.62 O.S4 2.82 
butyrate 0.00 0.185 0.76 1.46 
(‘aproate 0.33 0.99 1.45 1.06 
Carbon recovery, SU 93 


* Medium 1. 


Influence of Ethanol-Acetale Ratio on veld of Butyrate and Caproate— 
Preliminary experiments showed that the relative yields of butyrate and 
caproate are dependent upon the concentrations of the two substrates, 
ethanol and acetate. ‘To examine this effect more carefully four media 
were made containing the same concentration of ethanol and four different 
concentrations of sodium acetate. The cultures were incubated until 
growth ceased and were than analyzed. ‘The results are given in Table 
VI. It can be seen that when there is an excess of ethanol (Experiments 
1 and 2), caproic acid is the main product and little or no butyric acid 
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accumulates. As the excess of ethanol is reduced by increasing the acetate 
concentration, butyric acid becomes relatively and absolutely more abun- 
dant (Experiment 3); when acetate is present in excess, butyric acid accum- 
ulates in a larger amount than caproic acid and the absolute yield of ¢a- 
proic acid is decreased (Experiment 4). 
DISCUSSION 

The experiments described above show that Clostridium kluyveri is able 
to convert ethanol and acetate under anaerobic conditions almost quanti- 
tatively to n-butyrate, n-caproate, and hydrogen. Similarly, it converts 
ethanol and propionate to acetate, n-butyrate, n-valerate, n-caproate, 
n-heptanoate, and hydrogen. The experiments also provide evidence 
concerning the nature of some of the reactions involved in these fermenta- 
tions. 

Let us first consider the ethanol-acetate fermentation. If we disregard 
the production of hydrogen gas, the formation of butyrate and caproate 
from ethanol and acetate may be written formally as follows: 


CH;CH,OH + CH;COO-~ = CH,;CH,CH,COO” + H,0 (1) 
2CH,CH,OH + CH;COO~ = CH,;(CH,),COO~ 4+ 2H,0 (2) 


Equation | represents the main reaction in a culture containing an excess 


of acetate (Table VI, Experiment 4). When, on the contrary, ethanol | 


is present in excess and acetate is the limiting factor, little or no butyrate 
is formed and the fermentation proceeds according to Equation 2; this 
condition is realized approximately in Experiment 2 of Table VI. The 
fact that butyrate is the main product when ethanol is limiting and caproate 
is the main product when ethanol is in excess indicates that butyrate is an 
intermediate in the conversion of acetate to caproate. This indication is 
further supported by the observation that when butyrate is provided as 
a substrate it is almost completely converted to caproate (Table VI). 
All the evidence is consistent with the view that acetate is first converted 
to butyrate (Equation 1), which is then converted to caproate (Mquation 
3). However, there is as yet no proof that butyrate is an obligatory inter- 
mediate in the formation of caproate. 


CH;CH,OH + CH,(CH,2),COO~ = CH,(CH,),COO~ + H,O (3) 


The mechanism of Equations 1 and 3 certainly is not a direct condensa- 
tion, with a loss of water between the hydroxy! group of the alcohol and 
the methyl group of the fatty acid. Experiments with isotope-labeled 
acetate have shown that during the ethanol-acetate fermentation the 
ethanol is oxidized to acetic acid before a condensation occurs (10). This 
implies that this fermentation, like all others that have been studied, is an 
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oxidation-reduction process. The reductants are ethanol and, possibly, 
acetaldehyde. The oxidant in Equation | has not been identified, but 
may be assumed to be a C, compound, such as acetoacetate, which is formed 
by the condensation of 2 molecules of acetic acid or an “energy-rich” deriv- 
ative thereof and is capable of being reduced to butyrie acid. A similar 
(, intermediate can be postulated as a precursor of caproie acid. In the 
oxidation of ethanol to acetate, 4 electrons are removed and these are just 
sufficient to reduce the hypothetical intermediate compounds to butyrate 
or caproate. 

Equations 1, 2, and 3 give « simplified picture of the ethanol-acetate 
fermentation and do not describe accurately the observed quantitative 
relations among the substrates and products. The main complicating 
factor is the formation of hydrogen which modifies the simple oxidation- 
reduction relations that would otherwise exist. Hydrogen evolution 
provides a mechanism for the oxidation of an additional quantity of ethanol 
to acetic acid (Equation 4). As a result, the apparent utilization of acetic 


CHLCH.OH +- H.O = CH,COOH + 2H, (4) 


aeid is always less than is to be expeeted from Equations | and 2. Another 
consequence of hydrogen production is that the total volatile acidity must 
increase during the fermentation. Both of these effects can be observed 
in the data of Tables IL and VI. 

The ethanol-propionate fermentation is fundamentally similar to the 
ethanol-acetute fermentation, but is complicated by the fact that both C. 
and C; compounds are involved. ‘The main process is the conversion ot 
ethanol and propionate to n-valerate (Kquation 5), which undoubtedly 
involves an oxidation of ethanol to acetie acid, a condensation of a C» 
and a Cs; compound to form a C,; intermediate, and a reduction of the inter- 
mediate to n-valeric acid. 


CH,CH,OH + CH,CH,COO” = CH,(CH,);COO” + H.O (5) 


The oxidation of ethanol to acetic acid is more obvious in the ethanol- 
propionate fermentation than in the ethanol-acetate fermentation because 
there is an accumulation rather than «a net utilization of acetate. Also 
butyrate and caproate are formed in appreciable quantities. “The butyrate 
is undoubtedly formed from acetate, just as it is in the ethanol-acetate 
fermentation. In the latter, only part of the acetate for butyrate synthesis 
was derived from aleohol, while in the ethanol-propionate fermentation all 
the acetate must have come from this source. The only other possible 
source of acetate is propionate, and this is excluded by the fact that no 
carbon dioxide was formed. The caproate also was probably derived 
ultimately from ethanol via acetate and butyrate, although the possi- 
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bility that caproate can be formed from 2 molecules of propionate is not 
excluded. 

Heptanoic acid is probably formed from valeric acid by a further con- 
densation with a C, compound (Equation 6). It is evident from the rela- 


CH,CH.LOH + = + H,O (6) 


tive amounts of valerate, caproate, and heptanoate (Table IV) that the 
conversion of valerate to heptanoate is much slower than the conversion 
of propionate to valerate or even the conversion of butyrate to caproate. 
exact comparisons of the rates of utilization of propionate, butyrate, and 
valerate cannot be made from the available data, but there can be no doubt 
that the rates decrease rapidly with increasing chain length. Fatty acids 
containing more than 5 carbon atoms apparently are not utilized at a 
significant rate in catabolic reactions by the strain of Clostridium /eluyveri 
which we have so far studied. This does not mean that the ability to 
synthesize longer chain fatty aci ls is altogether lacking. Although direet 
experimental data are not available, it is very probable that such com- 
pounds are formed as cell constituents by Clostridium /luyveri, just as 
they are by other bacteria. 

Nutritional experiments have shown that Clostridium kluyvert grows 
very well in media containing ethanol and acetate or propionate as the 
only organic compounds present in appreciable quantities (4). [It must 
be concluded that the reactions discussed in this paper (lcquations | to 6) 
provide all the energy required for its vital activities. It is therefore of 
interest to estimate the amounts of energy available from these reactions. 
For this purpose Equation | may be taken as the type reaction. Free 
energy data are available for the reactants and products of this reaction 
(11,12). To obtain an approximate value for the free energy change it is 
assumed that the ethanol and the fatty acid anions are present as 1 M 
solutions. The value for the free energy of formation of the butyrate ion 
was obtained from the value for liquid butyric acid by assuming a differ- 
ence equal to that between liquid acetic acid and the acetate ion, for which 
data are available. The calculated A/y;- for Kquation | is —11.7 kilo- 
calories. The values for Equations 3, 5, and 6 should be of the same order 
of magnitude, while that tor Equation 2, which involves 2 moles of ethanol, 
must be about twice as great. An ethanol-acetate fermentation proceed- 
ing according to Equation 2 furnishes almost half as much energy as the 
alcoholic fermentation of glucose. 

The oxidation of ethahol to acetate with the liberation of hydrogen gas 
(Equation 4) is calculated to have a Afos: of approximately z@o at pH 7 
in a bicarbonate buffer. From this result it might be expected that the 
evolution of hydrogen would stop before the pressure’ reached | atmos- 
phere. However, it should be noted that the oxidation of ethanol probably 
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involves two steps, one from ethanol to acetaldehyde, the other from acetal- 
dehyde to acetate. If the hydrogen is assumed to be associated onlv 
with the second step (Equation 7), the becomes kiloealories, 


CH,CHO + H.O 4+ HCO. = CH,COO + H,. + H.CO, (7) 


which is large enough to account for the evolution of hydrogen gas. 


SUMMARY 


Clostridium kluyvert has been shown to convert ethanol and acetate more 
or less quantitatively to n-butyrate, n-caproate, and hydrogen and to con- 
vert ethanol and propionate to acetate, n-butyrate, n-valerate, n-caproate, 
n-heptanoate, and hydrogen. No carbon dioxide is formed. Evidence 
is presented to show that these fermentations are oxidation-reduction 
processes in which ethanol is oxidized to acetie acid and the higher fatty 
acids are formed by successive condensation and reduction reactions. 
Thermodynamic data show that these synthetic reactions are exergonic, 
and nutritional experiments have demonstrated that they are eapable of 
supplying the energy needs of the bacteria. 
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ENZYMATIC DIGESTION OF SAMPLES FOR MICROBIOLOG- 
ICAL ASSAY OF PANTOTHENIC ACID 


By HAROLD H. BUSKIRK, ALICE M. BERGDAHL, anno R. A. DELOR 
(From the Research Laboratories, The Upjohn Company, Kalamazoo) 
(Received for publication, November 19, 1947) 


Since most natural materials contain a part of their pantothenic acid in 
a combined state which is not utilized by the test organism, a preliminary 
treatment of the sample is necessary before a microbiological assay will 
indicate the total vitamin content. Various enzymes have been employed 
(1-4) for the preparation of samples for assay; however, few have proved 
satisfactory, mainly because of their slow rate of action and their high 
content of pantothenic acid, which must be subtracted as a blank. 

We have used mylase * in a 2 to 3 hour digestion period (3) for the liber- 
ation of pantothenic acid from the combined state in samples for the past 7 
years with good results. Recently Ives and Strong (5) showed mylase P 
to be superior to ether enzymes and recommended its use; however, they 
felt that a 2 hour incubation period was inadequate for maximum libera- 
tion and that a 12 to 24 hour period was more desirable. 

In view of these conflicting reports, we wish to present further data con- 
cerning the optimum conditions for the use of mylase P. 


EXPERIMENTAL 


A dried yeast extract was used as a substrate for the enzyme studies 
because it contained a high percentage of combined pantothenic acid. The 
activity of the lot of enzyme used in these experiments was determined 
(3). This was accomplished by finding the optimum ratio of enzyme to 
i 0.4 gm. sample of the yeast extract which would give maximum libera- 
tion of pantothenic acid in a 2 hour period at 50° in a total volume of 11 
ml. at pH] 4.5. This ratio was found to be | part of enzyme to 1 part of 
sample. The pantothenic acid content of this lot of mylase P was found to 
be 1.5 7 per gm. and the blank was determined by the ratio of enzyme to 
sample. Deviations from this standard procedure were made to determine 
the effect of pll, temperature, time, and concentration on the digestion 
process. All samples were filtered at pH 4.5 after digestion, as recom- 
mended by Ivés and Strong (5), properly diluted, and assayed according 
to the method of Hoag eft al. (6). 

pH of Digestion--In order to determine the optimum pH for the digestion, 
an experiment was set up in which reaction mixtures were adjusted to 


'Mylase P (special) for thiamine determination, obtained from the Wallerstein 
Laboratories, 180 Madison Avenue, New York. 
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various pH values. A stock solution containing 100 mg. of dried yeast 
extract per ml. was prepared in 1 M sodium acetate. 1 gm. aliquots were 
titrated to various pH values with HCl] or NaOH and made to a volume of 
20 ml. Aliquots containing 0.4 gm. were digested with 0.4 gm. of enzyme 
at 50° for 3 hours in a volume of 11 ml. After incubation all samples were 
readjusted to pH 4.5 before filtration. Maximum liberation was obtained 
at pH 4.5; however, it appears that the optimum pH range is quite broad, 


3s | 40,48 | 60] 63] 20 


Pantothenic acid per gm., y... 13 420 445 410 353° 195.) 133 106 


Temperature of Digestion— Since various investigators have used different 
temperatures for the enzymatic liberation of pantothenic acid, it was 
deemed desirable to investigate the effect of temperature. It has been 


TABLE | 
Effect of Varying Temperature of Mylase Digestion on Liberation of Pantothenic Acid 


0.4 gm. digested with an equal part of mylase P in a volume of 11 ml. containing 
2 ml. of 2 acetate buffer, pH 4.5, for a period of 3 hours. 


Pantothenic acid per gm. 


37 40° 45° 55° 
Y Y 7 7 
Dried yeast extract 41S 425 450 405 134 
Brewers’ yeast...... his 69 74 79 73 


Whole liver (dried) 3 US 103 117 93 


recognized that an increase in temperature causes an increase in the activity 
of an enzyme system; however, this increase in temperature could cause 
destruction of the enzyme or the product liberated. 

In this experiment two additional substrates were used; namely, brewers’ 
yeast and dried whole liver. For each temperature a bottle was prepared 
containing 0.4 gm. of sample with an equal part of mylase P in a volume 
of 11 ml., containing 2 ml. of 2 M acetate buffer at pH 4.5. The mixtures 
were allowed to digest for a period of 3 hours at the various temperatures. 

Table I shows typical results of carrying out the enzymatic digestion at 
temperatures ranging from 37-55°. ‘The greatest liberation for the 3 hour 
period was obtained at 50°. 

Incubation Period and Concentration of Digestion Mixture—Because other 
investigators (5) have obtained different results with the mylase digestion, 
experiments were set up to show the effect of the ratio of sample to enzyme, 
and the effect of the concentration of the digestion mixture on the time for 
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complete liberation of the pantothenic acid. The experiment was planned 
to cover a complete range of dilutions with two ratios of sample to enzyme 
(1:1 and 10:1). The digestions were prepared from a solution of dried 
yeast extract containing 5 ml. of 2 mM sodium acetate buffer per gm. of 
sample and adjusted to pH 4.5 with hydrochloric acid. The mylase P 
was added to the yeast extract solution just before the aliquots were placed 
in the digestion tubes. Since pipetting was carried out as rapidly as pos- 
sible, little time elapsed before the incubation was started. The volume 
of each tube was adjusted with distilled water to correspond to the values 


Il 


Pantothenic Acid Liberated by Digestion with Two Concentrations of Mylase P at 
Different Volumes and Varying Lengths of Time 


Two stock solutions containing 10 gm. of dried yeast extract and 50 ml. of 2 m 
acetate buffer were prepared and adjusted to pH 4.5 with HCl. 10 gm. and 1 gm. of 
mylase P were added to solutions (a) and (+) respectively and each made to a volume 
of l0Oml. Aliquots containing the desired weight of sample were immediately taken 
and made to the indicated volume and incubated at 50°. The original solutions were 
diluted 10-fold before the last two levels were prepared. Samples digested with (a) 
an equal weight of mylase P, (4) with one-tenth the weight of mylase P. 


_ --—— — — — 


Pantothenic acid per gm. 


2 hrs. 4 brs. 6 hrs. | 20 hrs. 
| (a) | h) a) (b) fa) | (6) fa) | (b) 
5 0.5 | 1:10 467 229 135 2ZS5 437 | 329 | 462 357 
© | 0.4 | 1:25 468; 279 | 442 , 342 | 447 | 347 | 449 | 387 
O.4 1:50 457) 297 | 455 324 | 443 | 358 | 445 | 407 
10 | 1:100 449 253 465 284 488 | 32) 439 347 
35 1: 250 454 209 474 | 256 449 | 311 | 454 347 
40 0.04 1: 1000 470 ISS 54 106 176 220 454 279 
40 0.02  1:2000 461 171 460 Iso 466 239 


indicated in Table Il. ‘Toluene was used as a preservative for long period 
digestions. The incubation periods were 2, 4, 6, and 20 hours. <A sepa- 
rate tube was prepared for each time interval. At the end of each di- 
gestion period the tubes were removed and cooled immediately to 4° and 
stored at that temperature until used for assay the next day. Digestion 
was halted by refrigeration rather than by heat in order to minimize the 
destruction of pantothenic acid. The possibility of further digestion in 
the refrigerator was investigated and found to be negligible. Table II 
gives the results of the average of three separate runs of the same experi- 
ment. 
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It will be noted that with adequate enzyme (column (a) of Table I) 
a 2 hour digestion period is sufficient; a longer digestion period gave 
no increase in pantothenic acid liberated and dilution of the digestion 
mixture did not decrease it. However, with less enzyme (column (/) of 
Table I1) a longer digestion period was necessary to liberate the panto- 
thenic acid. Furthermore, it was observed that as the digestion mix- 
ture was diluted a correspondingly increased time was required, as evyi- 
denced by the amount of pantothenic acid liberated at the respective 
dilutions and time intervals. With this ratio of sample to enzyme (10:1) 
the optimum volume for digestion appeared to be such that the ratio of 
sample to volume was between 1:25 and 1:50. 

Recommended Procedure—Place 0A gm. of finely ground sample with 
0.4 gm. of mylase P (the quantity depending upon the potency) in a 50 ml. 
tube and add 10 ml. of 2 per cent acetic acid and | ml. of | N NaOH, which 
buffers the reaction at pH 4.2 to 4.5. In the case of liquids or suspensions 
any organic solvent such as aleohol is removed. Aliquots containing about 
0.4 gm. of material are diluted or concentrated to a volume of 10 ml., to 
which are added 0.2 ml. of glacial acetic acid, | ml. of N NaOH, and 04 
gm. of mylase P. The mixture is allowed to digest 2 to 3 hours in a con- 
trolled water bath at 50°. At the end of the digestion period the samples 
are made up to 250 ml. with distilled water and filtered through No. 2 
Whatman paper. (This filtration at pH 4.5 removes some interfering 
materials that may cause variation in the assay.) An aliquot of the clear 
filtrate is used to make a subsequent dilution containing about 0.02 to 
0.04 y of pantothenic acid per ml. In calculating the results it is necessary 
to consider the pantothenic acid contained in mylase P. This is deter- 
mined by assaying mylase P and using this value as a blank. Most lots 
of mylase P have shown a very low blank and therefore could be ignored 
except when low potency material is being assayed. | 

DISCUSSION 

The data here presented, supplementing a previous report (3), illustrate 
that the prime factor in the mylase P digestion is the use of an adequate 
quantity of enzyme. It is important that each lot of enzyme be tested for 
activity so that the correct amount may be employed. The cssential 
difference in our method and that of Ives and Strong (5) is in the quantity 
of enzyme used for digestion. Their method called for mylase P at one- 
tenth the weight of the sample. Data presented in Table IT compare the 
results of this level of enzyme (}) with a level equal to the weight of the 
sample (a). The data illustrate that the activity of the enzyme is of greater 
moment than the length of digestion period, because even in 20 hours 
with enzyme at a level of one-tenth the weight of the sample maximum 
results were not obtained. 
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Since mylase P reacts on other material besides combined pantothenic 
acid, enough enzyme should be supplied to allow full liberation of panto- 
theniec acid in any material; thus it was deemed advisable to calculate the 
quantity of enzyme used on the basis of sample weight rather than on the 
content of pantothenic acid. Mylase P contains only a small quantity of 
pantothenic acid and hence blank corrections will be sufficiently low in 
most cases. In very low pantothenic acid-containing materials it may be 
desirable to have a lower blank which ean be achieved by dialyzing the 
mylase P (3). 


SUMMARY 


A method is described for the enzymatie liberation of pantothenic acid 
by digestion with mylase P over periods of 2 to 3 hours. Studies were 
made on the tactors affecting the mylase digestion, including pH, temper- 
ature, incubation period, volume, and ratio of sample to enzyme. The 
importance of determining the activity of each lot of enzyme before it is 
used for assay is demonstrated. 
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STUDIES ON CHOLINE ACETYLASE 
IV. EFFECT OF CITRIC ACID* 
By DAVID NACHMANSOHN ann MICHAEL 8. WEISS 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, November 21, 1947) 


Previous investigations have revealed that the formation of acetylcholine 
by the enzyme choline acetylase requires for maximum activity, in addition 
to the protein moiety, the following components: K+, Mgt*, adenosine 
triphosphate (ATP), a coenzyme, cysteine, and eserine (1-5). The coen- 
zyme, described simultaneously by Nachmansohn and Berman and Lip- 
mann and Kaplan (5, 6), contains apparently pantothenic acid and seems 
to be the same for all acetylations (7). The cysteine is necessary for keep- 
ing the easily oxidizable —-SH groups of the enzyme in a reduced state, 
especially if the enzyme has been prepared from acetone-dried powder. 
Eserine has to be added, since in most preparations some cholinesterase 
activity still remains, interfering with the acetylcholine formation. 

Shortly after the discovery of choline acetylase by Nachmansohn and 
Machado in 1943, it was found that the enzyme extracted from fresh rat 
brain becomes rapidly inactive on dialysis (8). This observation suggested 
either the necessity of a coenzyme or of a precursor of acetate. On addition 
of either citric or L-glutamic acid in rather high concentrations (2 K 10-? m), 
the enzyme could be partly reactivated (8,3). This effect was later con- 
firmed and its study was extended by other investigators (9, 10), but it has 
not yet been explained satisfactorily. Lipton and Barron proposed as a 
working hypothesis that citric acid may act as a donor of “active acetate,” 
according to the equation citrate <> oxalacetate + acetate (active). Ace- 
tate may be the degradation product of citrate as well as of other precursors, 
but there is no evidence that this is the way citric acid acts under the ex- 
perimental conditions used and that the acetylation of choline requires the 
presence of ‘‘active acetate.’’ In experiments in which isotopic acetate 
was used, most of the acetate of the acetylcholine formed, examined after 
crystallization as the Reinecke salt, contained isotope.' This result shows 
that acetate may be used directly and that there is no need to postulate an 
“active acetate’ for the acetylation of choline. Moreover, a nearly (and 
often quite) complete reactivation of the enzyme prepared from acetone- 


* This work was aided by a grant from the Josiah Macy, Jr., Foundation. 
' Bloch, K., Berman, M., and Nachmansohn, D., in preparation. 
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dried powder was obtained after dialysis if purified coenzyme was added, 
In that case, citric acid did not increase the rate of formation. ‘The mode 
of action of citric acid and L-glutamic acid on acetylation of choline remains 
thus unexplained and requires further investigation. 

It appeared interesting to test the effect of these compounds in a highly 
active enzyme system. Such a preparation may be obtained either by 
purification or by extracting the enzyme from a tissue with « high rate of 
acetylcholine metabolism. A high rate of formation may be assumed 
when the concentration of cholinesterase is high, since it is probable that 
there is a relation between these two rates. An unusually active tissue in 
this respect is the head ganglion of squid in which | gm. of tresh tissue may 
split about 3 gm. of acetylcholine per hour, or about 30 times as much as a 
rabbit brain. 

In this paper a highly active choline acetylase preparation extracted 
from the acetone-dried powder of the head ganglion of squid will be de- 
scribed as well as its reaction with some compounds used previously in less 
active preparations. 


Methods 


Preparation of Enzyme—The acetone-dried powder of the head ganglion 
of squid was prepared in the same way as that of mammalian brain (3). 
One preparation may be described as an example. 17.5 gm. of ganglia 
obtained from about thirty squid were homogenized in 00 cc. with the 
usual ice-cooled phosphate-IxX* mixture and poured into 2.5 liters otf acetone 
cooled to about —2°. The precipitate was left for 10 minutes in the acetone, 
then filtered with suction through a Biiehner funnel. The solid was poured 
again into 2 liters of acetone. The precipitate was left this time for 30 
minutes in acetone, then filtered, and dried in the usual way. The yield 
was about 1.5 gm. of powder. 

The enzyme was extracted trom the powder with the usual buffer solu- 
tion. In the first experiments, the extract was centrifuged at 11,000 
R.P.M. in the Serval angle head centrifuge. This high speed has proved 
useful for the extraction of acetone-dried powder of mammalian brain and, 
in the experiments described in this paper with mammalian brain enzyme, 
the high speed centrifugation was always applied. With the powder of 
squid ganglion, however, no difference was found whether the extraction 
occurred at 11,000 or at 5000 R.P.w. and therefore the lower speed was used 
in the later experiments. 

Whereas in previous experiments, the total volume in the vessel varied 
from 4.5 to 5.0 ce., in the experiments described in this paper the volume 
used was usually between 3.2 and 3.5 ce. The following volumes of the 
different components were put into the vessel: 1.6 ce. of the enzyme, 0.1 ce. 
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each of eserine, acetate, and choline, 0.3 cc. of cysteine, and 0.6 ce. of co- 
enzyme. 0.2 ce. of ATP was placed in the side bulb as usual. The 
coenzyme Was prepared as powder from hog liver... The 0.6 cc. of the co- 
enzyme solution contained 2 mg. of substance, which was found repeatedly 
to be sufficient for maximum activity. The final concentrations of all 
compounds were essentially the same as described previously and the re- 
moval of the protein and the bioassay of the ester formed were also carried 


out in the usual way (5). 


Results 


The high rate of acetylcholine formation in extracts prepared from 
acetone-dried powder of the head ganglion of squid is shown in Table T. 


TABLE | 
Choline Acetylase from Head Ganglia of Squid 


prepared from acetone dried powder. Choline, acetate, eysteine, and 


eserine present in all vessels. 


Acetylcholine formed 


Per vewel Pet gm 
ms min 
| None 0 0 
ATP TD 21.0 12.6 
coenzyme 10 33.6 150.0 
2 14.5 None 1S 0 0 
ATP 15 13.8 
coenzyme 10S 0) 130.0 


“Activity of the enzyme per gm. of protein in mg. of acetyleholine formed 
per hour 


In extracts prepared from powder of acetone-dried rabbit brain in the same 
way and used in the same conditions except for the higher temperature of 
incubation (37 ), 2.0 to 2.5 mg. of acetylcholine may be formed per gm. per 
hour. Since the extract from the head ganglion may form more than 30 
mg., this rate is higher by about 12 to 15 times. If we take into considera- 
tion the difference of the Q,, which for the energy-requiring synthesis is 
about 2 (3) and for the hydrolysis only about 1.5 (11), the rate of formation 
is indeed not far from the order of magnitude which could be expected on 
the basis of the rate of acetylcholine hydrolysis. 

The degree of purity is also remarkably higher than in the extracts pre- 
pared from rabbit brain, even after high speed centrifugation. In two 


*We are greatly obliged to Dr. L. A. Sweet and Dr. G. J. Mannering of Parke, 
Davis and Company, who kindly prepared the coenzyme for us. 
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experiments, | gm. of protein could form 139 and 150 mg. of acetylcholine 
per hour respectively, compared with 10.4 mg. obtained as the highest 
value with the former preparation. 

The effect of ATP is particularly strong in these experiments in which the 
amounts of powder used are small, equivalent to 10 to 15 mg. per vessel. 
The concentration of acetylcholine formed after incubation for 10 to 15 
minutes is 1 to 2 K 10°4 mM, which is about one-third of the final value 
obtained after an incubation period of 60 minutes. The initial concentra- 
tion of ATP is about 1 xX 10°-% mM. The small amounts of acetylcholine 
occasionally found in the absence of ATP in experiments in which larger 
amounts of powders are used have obviously to be ascribed to the pre- 


Tasie Il 

Reactivation of Dialyzed Choline Acetylase Prepared from Acetone Dried Powder of 
Squid Head Ganglia 

ATP, choline, acetate, and eserine always present in the usual concentrations. 

The time of dialvsis was 2 hours. 


Acetylcholine 
formed per gm 


per hr 
me 
Before dialysis Mg, coenzyme, cvsteimne 4 
Dialyzed No additions 
Me 


 ** coenzyme 
evsteine 
coenzyme 
glutamic acid 
coenzyme 


te ty 
te 


_—- —— -— —_ 


formed ATP or phosphocreatine phosphorylating adenosine diphosphate 
to ATP. 

The activity of this powder decreased slowly. Within about 2 weeks, the 
rate of acetylcholine formation fell to about 22 mg. per gm. per hour. 
Another powder capable of forming 38.8 mg. per gm. per hour immediately 
after preparation lost one-half of its activity within a few days but then 
remained nearly unchanged for several weeks. 

Dialysis—On dialysis the enzyme rapidly lost all activity. If choline, 
acetate, eserine, and ATP were added, no reactivation was obtained (see 
Table II). But by adding Kt, Mg**, coenzyme, and cysteine, a complete 
reactivation was obtained. L-Glutamic acid had no effect. 

Effect of Acetic Acid--Whereas, in previous experiments, addition of 
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choline proved always to be necessary, that of acetate had either a weak 
effect or none. This could be interpreted as being due to the presence of 
acetate in sufficient concentrations even in dialyzed preparations, since the 
amounts required are small and a prolonged dialysis was impossible, owing 
to the rapid deterioration of the enzyme. 

In view of the high activity of the present preparation, the effect of 
addition of acetate on the reaction was tested. As Table III shows, this 
increased the rate considerably, suggesting that the acetate is used for the 
formation of acetylcholine. With concentrations ranging from 7.5 * 10-3 
to6 * 10°? mM, the rate of formation was raised by 60 to 65 per cent (Ex- 


Ill 
kffect of Acetic Acid and Acetulglycine on Choline Acetylase Prepared from 
Acetone Dried Squid Ganglia 

In addition to the enzyme, coenzyme, K, Mg, choline, eserine, and ATP are pres- 
ent in all vessels. 


Acety icholine 


Experiment No Compound Concentration formed per gm. Increase 
per hr. 
] 3.34 
Acetate 3 S.10 ) 142.5 
2 6.06 
Acetate 6 10.00 65.0 
3 9.56 
= 1.5 980 
O75 9.30 
3 3.34 
Acetyiglhvcine 5 3.76 
Acetate 3 7 


35 119.0 


periment 2). Lower concentrations were not tested for lack of material. 
Addition of acetylglycine had no effect in 5 * 10°* mM concentration. 

Citric Acid—Surprisingly, citric acid had, in this preparation, an in- 
hibitory effect (Table IV), which was equally strong on dialyzed and un- 
dialyzed preparations. If to the dialyzed solution, all the usual additions 
were made without citrate, a complete reactivation was obtained. The 
degree of inhibition varied slightly in the different experiments. In Ex- 
periment 1, with undialyzed solution, 30.5 per cent inhibition was still 
obtained with 5 * 10°-* m concentration. The inhibition could not be 
overcome by raising the ATP or the coenzyme concentration (Table V). 

Inhibitors of Choline Acetylase—Two‘kinds of compounds were found in 
previous observations to inhibit choline acetylase: a-keto acids and some 
naphthoquinones. The a-ketoglutaric acid was found to be the strongest 
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inhibitor among the a-keto acids, effective in 10~* Mm concentration, whereas 
among the naphthoquinones, 2-methyl-1 ,4-naphthoquinone-&-sulfonic acid 


TaBLe IV 
Inhibition of Choline Acetylase by Citric Acid 


Iknzyme prepared from an acetone-dried powder of squid ganglia. Additions 
as usual (see Table III). 


Undialy zed Dialy zed 


Acetylcholine formed Acetylcholine formed 
Control mental Control | 
1077 mg. meg. | per cent ux meg. mx. | per com 
l 2.0 | 12.8 | 5.80) 54.6 | 3.0 22.3 6.1 72.7 
10 | 12.8 | 7.45) 41.8 | 2.0 64.6 
8.90 30.5 1.0 22.3 11.2 ; 50.3 
0.2 | 12.8 | 11.0 | 14.1 1.5 23.8 | 13.7 39.9 
2 2.0 |; W.!1 10.1 41.0 2.0 S.S 3.2 41.0 
3 2.0 | 8.8 5.8 | 29.3 1.0 8.8 6.3 28.4 
TABLE V 


Citric Acid Effect on Choline Acetylase in Presence of Increased Concentrations of 
ATP and Coenzyme 


All other conditions as in Table IV. 


Acetyl- 


| Compound varied Concentration Inhibition 
citric acid gm. per be. 
meg. per cent 
] 2.5 X 107° 12.3 
25 X 7.5 39.0 
5 5.0 107-3 7.8 39.0 
0) (Coenzyme 2 mg. per vessel 14.5 
4“ 12.9 
5 9.58 24.0 
3 0 12.8 
5 $0.5 
5 33.5 


(KK salt), the strongest observed so far (5), had an inhibitory effect in con- 
centrations as low as 3 10°° a. 

In contrast to the effect on the preparation from mammalian brain, 
a-ketoglutaric acid had no measurable effect on the present preparation, 
even in a concentration of 5 X 10° mM. The naphthoquinone compound 
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had a strong inhibitory effect which proved to be of the same strength as on 
the extract prepared from the powder of acetone-dried rabbit brains (Fig. 1). 

Jon Effects—In previous experiments (3, 5), the effect of potassium, 
magnesium, and manganese on choline acetylase activity was tested. It 
was found with potassium that maximum activity is obtained with a con- 
eentration close to 10°-' wt.) This high concentration is of the same order of 
magnitude as that found in nerve and muscle cells. Addition of magnesium 
in about 5 to | & concentration and manganese in about 


PER CENT 
INHIBITION 


100 


or 


40 


30 
LOG M CONCENTRATION 
hig. 1. Inhibitory effeet of acid salt) 
on choline acetvlase. Comparison of the degree of inhibition produced on an enzyme 
prepared from rabbit brain and on that prepared from the head ganglion of squid. 


rabbit squid enzyme. 


10-* M concentration still further increased the rate of formation, although 
only slightly (5). The necessity of the presence of one of these two ions is 
not surprising in view of their well known role in phosphorylation (see also 


“Discussion’’), 

It appeared of interest to test the specificity of the potassium effect. It 
was found in experiments on enzyme preparations obtained from the ace- 
tone-dried powder of rabbit brain that potassium could be replaced by 
rubidium. Both ions have the same effect when used in the same concen- 
tration. In contrast, sodium and lithium have no effect. Two experi- 
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ments with K*, Rb*, and Lit, carried out on the same extract, are repro 


duced in Fig. 2. 

Effect of Ditsopropyl Fluorophosphate (DFP)--A great variety of faete 
have revealed that the high toxicity of DFP can be referred exclusively to 
its action on cholinesterase (11-15). The compound does not interfere 
with the choline acetylase activity in vitro. In the case of the electric 
tissue, it was even effectively used for increasing the vield of acetylcholing 
formed (5). 


mg ACh 
formed/9/ hr 
@Contro! 
XK x 


20 10 
LOG M CONCENTRATION 


Fic. 2. Effect of potassium, rubidium, and lithium on choline acetyvlase prepared 
from acetone-dried powder of rabbit brain. 


The choline acetylase activity in the brain of rabbits killed by DFP in- 
jection has now been tested. In these animals, no cholinesterase activity 
can be detected in brain tissue. The complete inactivation of this enzyme 
always coincides with death. It appeared desirable to know whether, 
under these conditions, when the toxic effect is so strong that death occurs 
the enzyme system responsible for the formation of acetylcholine remains 
unaffected. 

Four powders were prepared from rabbit brains in the usual way after 
the rabbits were killed by injection of DFP, with 1 mg. of the compound per 
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kilo of body weight. ‘The acetylcholine formed per gm. per hour by these 
four powders was found to be as follows: 1.67, 1.69, 2.44, and 1.97 mg. 
These values are of the same order of magnitude as those obtained with 
powders from normal rabbit brains. 


DISCUSSION 


It is of interest to compare the reactions of the choline acetylase obtained 
from mammalian brain with those of the enzyme from squid ganglia, in 
which the rate of synthesis per gm. of protein is about 14 to 15 times as 
high as in the similarly prepared mammalian brain extracts. In an en- 
zyme solution with a considerably higher degree of purity, other reactions 
will interfere to a much smaller extent than in less active extracts and the 
probability becomes greater that the reactions observed are intrinsic 
properties of the enzyme studied. 

Among the differences between the new and the previous preparations, 
the effects of acetic and citric acids appear particularly noteworthy. 
Whereas addition of choline proved to be necessary in all preparations, 
acetic acid had only a nezligible effect in the extracts used previously, even 
when they were dialyzed. Since the absolute amounts of acetic acid re- 
quired are small, it appears possible that these small amounts are present 
in the extracts, even after dialysis carried out for a short period only. 
Moreover, as pointed out by Ochoa (personal communication), the ATP 
preparation usually contains small amounts of acetate owing to the use of 
barium acetate for the precipitation of the nucleotide and may therefore 
supply the acetic acid required. The strong effect of acetic acid added to 
the highly active enzyme preparation obtained from squid ganglia shows 
that the acetate is used by the enzyme for the acetylation directly and that, 
in this ease, no “active acetate” is required. 

It has, of course, to be kept in mind that the enzyme is extracted from 
a different source, viz. an invertebrate nerve tissue. It would be desirable 
to study this reaction in a choline acetylase preparation obtained from 
mammalian brain after purification. Such experiments are in progress. 
But the present observations are suggestive in connection with the pre- 
viously mentioned observations; t.¢., the findings with the labeled acetate 
and the absence of the citric acid effect when a high rate of acetylcholine 
formation is obtained in the presence of an active coenzyme. 

The inhibitory effect of the citric acid appears at first surprising, in view 
of the previous observations. It is possible that the citric acid removes 
the Mg ions necessary for the transphosphorylations. Mg is probably 
always present in small concentrations, even after a short dialysis. The 
weakness of the effect of added Mg is probably ascribable to the presence 
in the original extracts of Mg in amounts sufficient for a rate close to the 
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maximum. The inhibitory effect of the citric acid is obtained with concep. 
trations which are probably sufficiently high for the removal of the Mg ions 
added as well as of those originally present. The question may be raised 
why no inhibition is found when the citric acid is added in the same high 
concentration to the less active extracts. There, however, it may have re. 
acted with caletum and other components not present here in sufficiently 
high coneentration. Unfortunately, the interpretation could not be tested 
experimentally since no more material was available. 

The similarity of the inhibitory effect ot the 2-methyl-1 4-naphtho- 
quinone-8-sulfonie acid CX salt) on the two enzyme preparations suggests a 
specific action on the enzyme protein. If it were an unspecific reaction, 
for example, with —SH groups, which in view of the high cysteine concen- 
tration appears unlikely, it would be difficult to explain why the degree of 
inhibition is the same in both cases. The observation increases still further 
the interest in the affinity of the naphthoquinones to choline acetyvlase. 
The action of these compounds, tested with a great variety of them, will be 
described in a separate paper. 


SUMMARY 


!. A highly active choline acetyvlase preparation has been obtained trom 
acetone-dried powder of the head ganglia of squid. In these extracts up to 
150 mg. of acetylcholine may be formed per gm. of protein per hour. The 
degree of purity referred to protein is about 14 to 15 times as high as in 
the best preparations obtained previously. 

2. On dialysis, the enzyme activity falls rapidly to zero. On addition ot 
choline, acetate, IK, Mg, coenzyme, ATP, eserine, and cysteime, the total 
initial activity may be restored, suggesting that under these conditions the 
enzyme system is complete. 

3. Whereas, in previous extracts, addition of acetate had either a weak 
effect on the synthesis or none, in this case the increase ot the rate of forma- 
tion was marked, showing that the acetate has been used directly for the 
acetylation. 

4. In contrast to the effect observed in previous preparations, citric acid 
had an inhibitory effect, whereas a-ketoglutaric acid had no effect. The 
citric acid possibly removes the Mg ions necessary for transphosphoryla- 
tions. 

5. 2-Methyl-1 ,4-naphthoquinone-8-sulfonie acid (It. salt) has the same 
effect on the highly active preparation described here as on the previous 
preparations extracted from mammalian brain. ‘The similarity of these 
two effects suggests a specific reaction with the enzyme. 


Weare greatly indebted to Dr. J. A. Aeschlimann of Hoffmann-La Roche. 
Inc., Nutley, New Jersey, for supplying the naphthoquinone. 
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THE RELATION BETWEEN CHEMICAL STRUCTURE AND 
FUNGICIDAL ACTION IN A SERIES OF SUBSTITUTED 
AND UNSUBSTITUTED PYRIDINIUM HALIDES* 


By J. C. LoCICERO, D. FE. H. FREAR, anv H. J. MILLER 


(From the Departments of Agricultural and Biological Chemistry and 
Botany, Pennsylvania State College, State College) 


(Received for publication, November 6, 1947) 


Although many publications have dealt with the bactericidal efficiency 
of different types of quaternary compounds, the literature on the use of 
these compounds as fungicides is still very limited. Horsfall (1) credits 
Howard and Keil (2) with the first publication on the quaternary com- 
pounds as fungicides. 

Howard and coworkers (2-4) reported briefly on the fungicidal efficien- 
cy of the alkyldimethylbenzylammonium halides (alkyl = Cy-—C,s), 
(R(CH ).C.H,CH.N ]*X~, some monobasic derivatives of pyridine, pico- 
line, lutidine, collidine, quinaldine, quinoline, and, finally, some quaternary 
derivatives of nicotine. A high degree of control against dollar spot 
(Sclerotinia homeocarpa) was obtained by Keil (5) by the use of dimethyl- 
didodecylammonium chloride, while Daines and Hopperstead (6) found 
dodecylisoquinolinium bromide to be effective in providing protection 
against apple scab (Ven/uria inaequalis). 

The purpose of the present study was to determine the relation between 
chain length and toxicity to fungi in the series hexyl-, octyl-, decyl-, 
dodecyl-, tetradecyl-, cetyl-, and octadecylpyridinium chlorides, and also 
the effect of alkyl substitutions in the 2 and 4 positions of the pyridine 
nucleus on the fungicidal efficiency of the resultant N-dodecyl-2- and 
N-dodecy]-4-alkylpyridinium bromides. Several of the compounds re- 
ported in this paper have not been previously described in the literature, 
and for this reason their biological properties should be of considerable 
interest. 


EXPERIMENTAL 


The alkyl chlorides were prepared from alcohols by the thionyl chloride 
method (7); prior to fractionation each was distilled in an ordinary Claisen 
flask, then washed three times with an equal volume of concentrated sul- 
furic acid, with water until neutral, and finally dried over anhydrous cal- 
cium chloride. Dodecyl bromide was made with concentrated hydrobromic 


* Authorized for publication on May 19, 1947, as paper No. 1377 in the Journal 
Series of the Pennsylvania Agricultural Experiment Station. 
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and sulfurie acids (8); purification was accomplished in the same way as fo, 


the chlorides. ‘The purified halides were distilled through a packed columy | 


having about fifteen plates with a total reflux, variable take off head, gs 


described by Whitmore and Lux (9). 


~ 


The quaternary compounds were prepared by allowing the alkyl] halides — 


to react with pyridine or the substituted pyridines in all-glass pressure 
bottles at 135-140° in a thermostatically controlled oven for 36 to 48 hours, 
Purification was accomplished by repeated extraction with petroleum 
ether (b.p. 80°) or a mixture of it with ethyl ether (15 to 25 per cent) in 
which the quaternary compounds were insoluble. The salts were dried 
5 to 6 hours in a vacuum oven at 80° at 35 to 40 mm. pressure. ‘This isa 
modification of the procedure of Delépine (10). The analytical results 
(presented with the experimental data in Tables I to II]) indicate that the 
compounds were in a high state of purity. 
The toxicities of the pyridinium halides were determined by the slide 
germination method (11), with the conidia of Sclerotinia fructicola, Ven- 
turia inaequalis, and Alternaria oleracea and the swarm spores of P’hytoph- 
thora infestans. Dosage-response curves were prepared for all compounds, 
and the LD values determined from these curves. 


DISCUSSION 


The first group of pyridinium compounds investigated in the present 
study consisted of derivatives of unsubstituted pyridine in which the length 
of the N-alkyl chain was varied from 6 to 18 carbon atoms (Table I). With 
one exception, all of the compounds in this series were chlorides. 

From Table I it is apparent that there is a definite relation between the 
length of the N-alkyl group attached to the pyridine ring and the toxicity 
of the compound to the fungi. There were no significant differences be- 
tween the slopes of the dosage-response curves for this series of compounds, 
and so the L.Dso values may be considered to be a reliable indication of the 
relative toxicities within the group. 

Of the individual compounds in this series, the N-hexyl derivative exhib- 
ited the least toxicity to the fungi. As the molecular weight of the N- 
alkyl group increased, there was a corresponding increase in toxicity up to 
and including the Cy, derivative. Beyond this point, 7... with alkyl groups 
containing 16 and 18 earbon atoms, toxicity to the fungi decreased slightly. 

The marked increase in the toxicity of the lower members of the series is 
worthy of note, particularly in the three compounds with 6, 8, and 10 
carbon atoms in the N-alkyl group. Increase in the molecular weight of 
the substituent group beyond the Cio compound resulted in less marked 
changes in toxicity. In order for a pyridinium chloride to possess superior 
toxicity to the fungi tested, it appears necessary that the N-alkyl group 
should contain at least 10 carbon atoms. 
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When the toxicity of dodecylpyridinium bromide is compared with that 
of the corresponding chloride, no significant differences are apparent. 


Tinie 


Analytical and buangicidal Data on Series of N-Alkylpyridinium Compounds 


Halogen* LD sot 
Compound 
Calcu- Deter- S.fructi-- V.in- P.tinfes- A. olera 


lated mined cola aequalts | fans ced 


percent percent 


Dodecylpyridinium bromide 24 39 | D4 4) 02% 0<-076 0.28 
Hevylpyridinium chloride 17.82 17. St 100+ 14.0 265.0 0 

Octyvlpyridinium 15.63 15.37 9.4 1.0 2.95 
Decylpyridinium 3.00 13.81 0.72 0.19 0.59° 0.30 
Dodeeyl pyridinium chloride 12.00 | 12.38: 0.2) 0.13. 
Tetradecvipyridinium chloride 11.40 | 11.12 0.17: 0.06: 0.10; 0.22 
Cetylpyridinium chloride 10.48 10.35 0.22 90.11 0.17; 0.38 
Octadeeylpyridinium chloride 9.68 9.57 0.33 0.32; 0.45: 0.38 


* Tonizable halogen by the Mohr method. 
* Concentration of fungieide in micrograms per sq. cm. required to kill 50 per cent 
of conidia of Nelerotinia fructicola, Venturia inacqualis and Alternaria oleracea and 


the swarm spores of Phytophthora infestans. 


Il 


Analytical and Fungicidal Data on Series of N-Dodecyl-2-alkylpyridinium Bromides 


Halogen* LD sot 
(Compound 
Calcu- Deter- /ruc- in- P.in- 


lated mined itcola =aequalis festans 


per cent percenti 
Dodeeylpyridinium bromide 24.39 24.41 | 0.29 | 0.076 | 0.28 


Dodeevl-2-ethy! pyridinium bromide 22.43 22.10 0.27 0.037. 0.28 


19.45 19.62 0.44 0.0386 0.31 
Dodecyl-2-heptyi pyridinium bromude IS.77 18.85 0.16 | 0.082 | 0.29 
Dodecv! octyl ridinium bromide 10} 0.22 | 0.036 | O.1S 


Dodeey! 2(2-methyloctyl pyridinium bromide 17.61 17.80 0.19 | 0.07 | 0.05 


* lonizable halogen by the Mohr method. 

+ Conceentration of fungicide in micrograms per sq. em. required to kill 50 per cent 
of the conidia of Nelerotinia ty ucticola and Venturia inaequalis and the swarm Spores 
of Phytophthora stans. 

High halogen indicates dehyvdrohalogenation occurred during the reaction with 


the formation of pyridine hvdrobromide. 


Of the four tungi used as test organisms in this experiment, | enturia 
inaequalis Was least resistant to the compounds tested. 

In order to determine the etfect on toxicity of alkyl groups attached to 
‘arbon atoms in the pyridine ring, two additional series of compounds were 
prepared. In the first group (Table IL) the parent compound may be con- 
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sidered to be dodecylpyridinium bromide. ‘The other compounds in this 
group contained alkyl groups attached to the pyridine ring in the 2 position, 
The attached alkyl groups varied from C, to Cy, and included branched ag 
well as straight chain alkyl groups. 

It is apparent from the data in Table II that the introduction of an alky| 
group in the 2 position in the pyridine ring caused no marked change in the 
toxicity of the dodecylpyridinium bromide. ‘The effect of increased molec. 
ular weight in the 2-alkyl substituent groups was apparent in the LD, 
values for one of the three test organisms, Phytophthora infestans. In. 
creases in molecular weight increased the toxicity toward this fungus, and 
it may be that the point of maximum toxicity was not reached with the C, 
derivative. With the other test organisms, however, there appeared to be 
little effect on toxicity which could be attributed to the 2-alkyl substituent. 


Tas_e IIl 
Analytical and F ungicidal Data on Series of N-Dodec yl- 4-alkylpyridinium Bromides 


Halogen* 
| 

Compound | 

Calcu- Deter-  S.fruce | | 

lated | mined iscola | aequalis | Sestoms 

ae per cen! | per cent | | 

Dodecylpyridinium bromide......... 24.39 24.41 0.29 0.076 | 0.28 
Dodecyl-4-butylpyridinium bromide.........| 20.80 | 20.15 | 0.64 | 0.084 | 0.20 
Dodecyl-4-amylpyridinium xe ... 20.08 | 19.60 | 0.34 | 0.084 | 0.33 
Dodecy]-4(3-penty]) pyridinium bronside. .... 20.08 | 19.35 | 0.32 | 0.031 | 0.25 
Dodecy]-4(5-nonyl) pyridinium bromide....... 17.61 | 17.50 | 0.21 | 0.07 | 0.05 


* Tonizable by the: Mohr method. 

+ Concentration of fungicide in micrograms per sq. cm. required to kill 5) per cent 
of the conidia of Sclerotinia fructicola and Venturia inacqualis and the swarm spores 
of Phytophthora infestans. 


The final series of compounds studied may be considered to be derived 
from dodecylpyridinium bromide with alkyl groups attached in the 4 
position. Although this series includes only compounds with 4-alkyl 
groups ranging from C, to Cs, it appears that increases in molecular weight 
of the 4-alkyl groups resulted in increased toxicity to the fungi. As in the 
ease of the 2-alkylpyridinium bromides, it is possible that further increases 
in molecular weight of the 4-alkyl group might have resulted in further 
increases In toxicity. 

Comparison of the toxicity of dodecyl-1-amylpyridinium bromide 
(straight chain) with dodecyl-4(3-penty!l)pyridinium bromide (branched 
chain) indicates that there were no significant differences between the two 
(Table IIL). It should be noted further that the largest molecules in the 
two latter groups, both with C, substitution, had identical toxicities to the 
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fungi, even though the degree of branching and the location of the sub- 
stituent groups on the pyridine ring were different. This suggests that 
neither the degree of branching nor the position of the substituent (2- 
versus 4-) on the ring has as important an effect on toxicity as the 
molecular weight. 

Of the organisms tested, Venturia inaequalis was the most susceptible to 
the action of the pyridinium halides. There were no significant differ- 
ences in the slopes of the dosage-response curves. 

Further quaternary derivatives of substituted pyridines are being pre- 
pared and tested against fungi. This work will be reported in subsequent 
papers. 

SUMMARY 

Three groups of pyridinium halides, comprising seventeen compounds, 
were prepared and tested against four species of fungi. In the first group, 
N-alkyl derivatives of unsubstituted pyridine, there was a significant rela- 
tion between the length of the N-alkyl chain and toxicity, the maximum 
effect being observed in compounds having a C;, group. In the other two 
groups, 2- and 4-alkylpyridinium bromides, there were less marked varia- 
tions in toxicity, although in general compounds having substituent groups 
of higher molecular weight showed the highest toxicity. There were no 
significant differences attributable to position of attachment or degree of 
branching of the substituent group attached to the carbon atoms of the 
pyridine ring. 
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THE COLORIMETRIC DETERMINATION OF BLOOD 
CHLORIDE BY THE LODOMETRIC METHOD 


By HENRY A. STIFF, Jr. 
(From the Department of Pathology, Southwestern Medical College, Dallas) 


(Received for publication, November 6, 1947) 


The iodometric method of Sendroy (i) for the determination of chloride 
as modified by Van Slyke and Hiller (2) leaves little to be desired as a 
volumetric procedure. A colorimetric method of comparable accuracy 
and simplicity may have some advantages, however, particularly when a 
number of determinations are to be done at the same time or the amount 
of material is small. Colorimetric methods based on the iodometrie pro- 
cedure have been described by Sendroy (3) and Hoffman (4), but they are 
not comparable to the volumetric method in simplicity and accuracy. 
The method presented in this communication is simple, accurate, and 
rapid. It utilizes an iodometric ion exchange identical with that of Van 
Slyke and Hiller; so that the same reagents are used and either the volu- 
metric or colorimetric procedure, or both, may be performed on the same 
sample. 


Reagents 


With the exception of the 100 mm standard and the dilute thiosulfate 
reagent, the remaining reagents are the same as those of Van Slyke and 
Hiller (2). ‘Their original paper should be consulted for a more complete 
discussion. 

The phosphoric-tungstic actd, 0.9212 nN thiosulfate, 0.02303 Nn thiosulfate, 
silver vodate, and sodium todide ave as specified by Van Slyke and Hiller 
(2). 

(OU ma chloride standard. Filla 250 ml. volumetric flask to the mark with 
phosphoric-tungstie acid. “To this add 10 ml. of 0.1 mM NaCl. 

Dilute thiosulfate reagent. Accurately measure 7.5 ml. of 0.02303 N 
thiosulfate into a 200 ml. volumetric flask and make up to volume with 
distilled water. ‘This solution should be made tresh each day. 


Procedure 


(1) In a 10 mil. centrituge tube place 5 ml. of phosphoric-tungstic 
acid. With an accurate Wash-out pipette add O.2 ml. of serum or 
plasma. (2) In a second centrifuge tube place 5 ml. of 100 mm chloride 
standard. (3) To each tube add approximately 60 mg. of silver iodate 
With a small glass spoon. Stopper with a rubber stopper and shake vigor- 
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ously for 40 seconds. Centrifuge for 1 minute at 2400 r.p.m. (4) To each 


of two colorimeter tubes (velyn colorimeter) add approximately 200 mg, | 


of sodium iodide and 5 ml. of water. Transfer 0.5 ml. of the clear super. 
natant from each centrifuge tube to its respective colorimeter tube. 
Add 10 ml. of dilute thiosulfate reagent to each. Mix and read against 
a water blank at 420 mu. 
Calculation 
25 Ly 

where Ly = (2 — log G) for the serum and L, = (2 — log G) for the standard. 


+ 75 = mM Cl per liter 
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Fic. 1. Relation between chloride concentration and per cent transmittance 
Curve A, 75 mM of chloride removed; Curve B, 1:100 dilution. Evelyn colorimeter, 
Filter 420. 


EXPERIMENTAL 


Spectrophotometric studies indicate that the iodine color has a maximum 
absorption in the region of 400 my. The spectral transmission curve 
then slopes off to a minimum at 650 my Proportionality curves were 
run at 10 my intervals from 400 to 650 mug. There is practically no devia- 
tion from a straight line up to 430 mu. 

The effect of fading up to a period of 5 hours is negligible. The intensity 
of the color varies slightly with temperature, a fact noticed by Hoffman 
(4) and confirmed in this laboratory. For this reason a standard is run 


for each set of determinations instead of using a reference curve. 
Sendroy and Hoffman have adapted the iodometric procedure to the 
colorimeter, bringing the final color into the range of the instrument by 
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extensive dilution. This results in considerable loss of sensitivity as may 
be seen in Curve B, Fig. 1, where one scale division on the Evelyn colori- 
meter is equivalent to 3.3 mm of chloride. By removing the color produced 
by exactly 75 mM of chloride with thiosulfate, it is possible to determine 
the remaining 25 to 35 mm with a degree of sensitivity comparable to the 
best volumetric methods. Curve A in Fig. 1 shows the range obtained 


Tasie 
Comparison of Colorimetric Method with Volumetric Method of Van Slyke and Hiller 


mu per i. | per | mat per mM per |. per mM per i. 
84.9 | +3.9 105.4 10S —2.6 
01.0 | 4 | —3.0 | 105.6. 10s —2.4 
91.3 +-1.3 105.6 106 
06.0 | +2.0 | 105.8 107 —1.2 
97.2 | a4 | +3.2 | 105.8 | 107 —1.2 
101.0 Gs | +3.0 | 106.4 L106 +0.4 
101.0 | 0.0 | 106.8 107 —Q.2 
101.6 14 —2.4 106.8 | 106 +0.8 
101.8 101 | 40.8 106.9 | 107 —().1 
102.2 101 107.1 106 +1.1 
102.3 100 2.3. | 107.1 106 +1.1 
102.4 102 +04 | 107.1 104 +3.1 
102.9 104 —1.1 107.6 108 —O0.4 
102.9 +0.9 107.8 109 +1.1 
103.9 105 —1.1 | 108.0 108 0.0 
104.0 | +2.0 | 1US.3 112 —3.7 
11.0 oe |. 112 —3.7 
104.0 | 108 -4.0 | 108.8 109 —0.2 
104.0 106 -2.0 108.8 | 110 —1.2 
104.2 104 | Loo. 1 | 110 —-0.9 
104.6 105 —O.4 109.8 | 110 —0.2 
104.9 107 109 +1.1 
105.0 109 —4.0 | 110.8 | 112 —1.2 
105.2 103 114 —1.0 

Average 104.20 | 104.54 +1.58 


by this procedure: here one seale division on the colorimeter represents 
from 0.5 to 0.8 mM of chloride. 

Table I gives a comparison of the results obtained by the colorimetric 
method described and the volumetric method of Van Slyke and Hiller with 
1 ml. of serum. Normal and pathological sera are included, as well as 
sera to which sodium chloride solution or water has been added to increase 
or decrease the chloride content. 
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Both methods are subject to one inherent source of error Common to 
procedures involving removal of protein by precipitation; namely, the 
volume error introduced by the protein precipitate. “To determine thp 
extent of this error, the protein precipitates from 1 ml. of four normal sera 
were dried to constant weight and their volumes determined by water 
displacement. The average weight of the precipitates was 0.1361 gm. 
and the average volume occupied was 0.0757 ml. This volume introduces 
an error of only about 0.3 per cent, which may be disregarded. 


DISCUSSION 


The essential feature of the colorimetric method described is a greatly 
increased sensitivity obtained by removing with thiosulfate the iodine 
produced by a standard amount of chloride before the final reading. The 
removal of iodine equivalent to 75 mm of chloride per liter of serum is 
suitable for most human sera, since values below this figure are seldom 
encountered. Under special circumstances the conditions may be varied 
by adding more or less 0.02303 N thiosulfate to the dilute thiosulfate rea- 
gent, | ml. of 0.02303 ~ thiosulfate being equivalent to 10 mM of chloride. 

Any photoelectric colorimeter with provision for reading at a wave- 
length from 400 to 430 my can be used. The Evelyn macro colorimeter 
employs a 2 cm. cell; in instruments with a Lem. cell approximately twice 
the color intensity may be read. Adjustment for a | em. cell thickness 
may be obtained by adding 2.5 ml. of water instead of 5 ml. and by using 
5 ml. of a thiosulfate reagent made by diluting 7.5 ml. of 0.02303 N_ thio- 
sulfate to 100 ml. 


SUMMARY 


A simple accurate colorimetric method for the determination of blood 
chloride is presented. 
The method compares favorably with the volumetric method of Van 


Slyke and Hiller. 


The author wishes to express his appreciation to Dr. Gladys J. Fashena 
for her helpful advice and suggestions. 
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PLASMA ACCELERATOR GLOBULIN: PARTIAL PURIFICATION, 
QUANTITATIVE DETERMINATION, 
AND PROPERTIES* 
By ARNOLD G. WARE ann WALTER IL. SEEGERS 
(From the Department of Physiology, Wayne University, College of Medicine, Detroit) 


(Received for publication, July 21, 1947) 


It has been shown that plasma contains a factor which accelerates the 
activation of prothrombin by thromboplastin and calcium ions (1-5). We 
refer to this factor as Ac-globulin (5). 

In this paper we describe a method for the quantitative determination 
of Ac-globulin which is essentially an adaptation of the two-stage method 
for prothrombin analysis. Preparative methods are outlined which have 
yielded products which appear to be about 50 per cent pure by electrophore- 
sis. Ac-Globulin is shown to be similar to prothrombin in many of its 
properties. Purified preparations of Ac-globulin have been found to be 
less stable towards heat than purified prothrombin. In oxalated bovine 
plasma, stored at 5°, Ac-globulin is quite stable. 


Determination -of Ac-Globulin Activity 


Theory—-When purified prothrombin, of the type described by Seegers, 
Loomis, and Vandenbelt (6), reacts with thromboplastin and calcium ions, 
according to the specifications of the two-stage technique (7-9), thrombin 
formation is very slow. It is now known that the slow activation rate is 
the result of the removal of Ac-globulin from the prothrombin during the 
purification procedure. By replacing the Ac-globulin lost in the purifica- 
tion processes, the rate of thrombin formation is greatly increased and the 
final thrombin yield is almost doubled. ‘This effect is illustrated in Fig. 1. 
The curve at the extreme right represents the activation of purified pro- 
thrombin alone. By adding increasing amounts of Aec-globulin, the ac- 
tivation rates are increased in proportion. Using a large amount of Ac- 
globulin shortens the conversion time to 3 minutes. ‘This is comparable to 
the rate of activation of native bovine prothrombin. 

It is apparent that a quantitative relationship exists between the pro- 
thrombin activation rate and Ac-globulin activity, provided that other 
factors which effect prothrombin activation are kept constant; namely, 
prothrombin concentration, temperature, pll, calcium ions, and thrombo- 
plastin. Except for a constant prothrombin concentration, these require- 
ments are fulfilled in the. two-stage assay procedure. To control pro- 


* Aided by a grant from the United States Public Health Service. 


509 


i 
4 
‘ ag 
al 
r 
‘ 
i 
| 
| 
| 
¥ 


700 PLASMA ACCELERATOR GLOBULIN 


thrombin concentration a standard purified prothrombin preparation js 
used. 

Standardization of Prothrombin-—The most highly purified preparations 
described by Seegers, Loomis, and Vandenbelt (6) are used. ‘The cop. 
centration is adjusted to give 12 second clotting with fibrinogen when 
completely converted to thrombin in the presence of an excess of Ae. 
globulin. Beef serum, diluted 800 times, is a suitable source and concep- 
tration of Ac-globulin for this purpose. The standard prothrombin js 


32 € 4 
42 


26 


22/2560 } 


Fibrinogen Thrombin, Fibrin 
CLOTTING TIME IN SECONDS 


TIME IN MINUTES 


Prothrombin + Thrombopl/astin So Thrombin 


Fic. 1. Acceleration of prothrombin activation with increasing concentrations of 
Ac-globulin. The concentrations of Ac-globulin are represented by the numbers on 
the curves. In all instances the prothrombin concentrations were the same. Tem 
perature (28°), caletum, NaCl, thromboplastin, pII, and fibrinogen were constant 
throughout. The upper right-hand curve was obtained without adding Ac-globulin 
The solid lines indicate the clotting time coordinates. 


next activated under the same conditions without the addition of serum. 
A curve similar to the one at the extreme right of Fig. | is obtained. This, 
then, indicates how much Ac-globulin, if any, is present in the standard 
prothrombin (traces may also be present in the thromboplastin). Now 
one is prepared to determine the concentration of Ac-globulin in an un- 
known. 

Assay Procedure—The standard prothrombin is mixed with an unknown 
quantity of Ac-globulin. Data on thrombin formation are again obtained. 
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The rate of thrombin formation is then plotted in Fig. 1 and an estimate 
of Ae-globulin activity in the unknown can be calculated. If the curve 
does not fall between Curves 16 and 128 in Fig. 1, a new dilution of unknown 
should be made because this is the most accurate working range. When 
Curve 1 in Fig. | is duplicated, the Ac-globulin concentration in the final 
reaction mixture is, by definition, 1:1000 of a unit per ml. Curve 2560 
at the extreme left can be obtained with 2.56 units of Ac-globulin per ml. 
When the unknown activation curve is definitely located in Fig. 1, the 
points where it crosses the 18 and 15 second clotting time coordinates (the 
heavy lines) are used for interpolating the final concentration of Ac-globulin. 

If the unknown Ac-globulin sample contains prothrombin, the concen- 
tration of the latter must first be determined quantitatively. The standard 
prothrombin solution must then be adjusted to account for the additional 
prothrombin which is introduced by the unknown itself. 

Analytical Results—When fresh oxalated bovine plasma is used as a 
source of Ac-globulin, it is found to possess about 150 units per ml. In 
other words, the concentration of Ac-globulin in plasma is 150,000 times 
that amount present in the reaction mixture which gave the activation 
Curve 1, Fig. 1. It is thus seen that the Ac-globulin activity of plasma 
is very high. Ky comparison, plasma prothrombin, diluted to the same 
extent, cannot be detected. The best Ac-globulin preparation which we 
have made to date possessed a specific activity of 330 units per mg. of 
dry weight. ‘This was not a pure product but an important calculation 
can be made. Since bovine plasma contains about 150 units of Ae-globulin 
per ml., it follows that Ac-globulin constitutes less than 0.7 per cent of the 
total plasma proteins in bovine plasma and would not be detected by 
routine electrophoretic analysis. 


Properties of Ac-Globulin 


Ae-Globulin has properties which make complete chemical separation 
from prothrombin difficult. Like prothrombin, it is precipitated almost 
quantitatively from acidified diluted plasma, provided a special antico- 
agulant (10), low in electrolyte concentration, is used. When the pre- 
cipitate derived from acidified diluted plasma is redissolved in oxalated 
saline, the new factor can be adsorbed on magnesium hydroxide. It can 
then be eluted with carbon dioxide and a relatively stable product is ob- 
tained. In contrast to prothrombin it cannot be eluted with phosphate or 
citrate buffers, because those eluates are quite alkaline, leading to destruc- 
tion of Ac-globulin activity. Aluminum hydroxide ean also be employed 
lor adsorption. Furthermore, it is then possible to elute Ac-globulin 
with phosphate buffer and obtain a stable product. Ac-Globulin is less 
soluble in concentrated ammonium sulfate solutions than prothrombin. It 
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is water-soluble but is precipitated from aqueous solutions almost quanti. 
tatively at pH 5.4. 


Preparation of Ac-Globulin 


The following method for purifying Ac-Globulin has been the most 
successful of many procedures attempted. With this procedure, we have 
made many preparations of Ac-Globulin of high purity and potency. 

Prothrombin product No. 3, described by Seegers, Loomis, and Vanden- 
belt (6), is first prepared exactly as described. Cool to 0°; with stirring 
add dropwise an ammonium sulfate solution (saturated at 25°) to 30 per 
cent of saturation. Strain off the fibrinogen and remove the remaining 
suspended protein by centrifugation at 0°. Discard the precipitate which 
is largely inert and add saturated ammonium sulfate dropwise with stirring 
to 50 per cent of saturation. Let stand at 0° for 20 minutes to permit 
settling of inorganic salts. The protein precipitate, which contains most 
of the Ae-globulin, does not settle during this period and it is then removed 
from the supernatant fluid by centrifugation at 0°. Dissolve the precipitate 
in 100 ml. of ice-cold water. At O° add saturated ammonium sulfate 
dropwise with stirring to 45 per cent of saturation. Discard the super- 
natant fluid which contains prothrombin in appreciable quantities. Dis- 
solve the precipitate in 10 ml. of ice-cold water and dialyze against repeated 
changes of ice-cold distilled water at pH 7.0 until the specific resistance is 
3000 to 4000 ohms when measured at 5°. The dialysis procedure should 
not require more than 1} hours or large losses of Ac-globulin activity will 
occur. The Ac-Globulin can now be purified by isoelectric fractionation. 
Adjust the pH to 7.9 and centrifuge at 0°. Discard the precipitate, which 
contains some Ac-globulin and relatively large amounts of inert protein. 
Acidify the supernatant fluid to pH 5.4 by adding 0.1 N hydrochloric acid 
with stirring. Remove the precipitate by centrifugation at O°. The 
supernatant fluid contains very little Ac-Globulin but relatively large 
amounts of prothrombin. The precipitate represents the final purified 
product. It is dissolved in 10 ml. of cold water with addition of 0.1 
sodium hydroxide to pH 7.0, care being taken to avoid local excess oi 
alkali by stirring. ‘The product can be dried from the frozen state without 
loss of activity. 


Electrophoresis of Purified Ac-Globulin 


The best Ac-globulin preparations we have to date are not stable for 
sufficient time to maintain full activity during electrophoretic examination 
in the Tiselius apparatus. It is nevertheless possible to gain much infor- 
mation from such studies. A preparation possessing 3500 units per mg. of 
tyrosine was placed in phosphate buffer of pH 7.4 and 0.2 ionic strength. 
This preparation contained about 5 per cent prothrombin as impurity. 
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There is only slight evidence of this rapidly moving prothrombin in the 
pattern shown in Fig. 2.0 Two major components predominate. One 
of these moved with a mobility of —2.96 * 10°, which corresponds to 
3-globulin. The other component gave the mobility value, —4.73 x 
very likely represents Ac-globulin. This mobility is thus greater 
than that tor a-, 8-, or y-globulin. If we assume that this rapid moving 
component represents Ac-globulin, then our product is somewhere in the 
neighborhood of 50 per cent pure. This would mean that Ae-globulin 


Fic. 2. kleetrophoretie pattern of purified Ae-globulin at pH 7.4; phosphate 


buffer: ascending boundary at 11S minutes. The beginning boundary is at the left. 
TABLE | 
Stability of Ae-Globulin in Oxalated Bovine Plasma at 3 


Ac Globulin 


Days oO? storace 


Cow } (ow ? Cow 3 Cow 4 Cow 5 
per mi uniis per m/ unis per ml units per mi uniis per mi, 

) 130) 140) 140) 140 140 

120 110 115 130) 

115 165 120) 105 
SU) 100 120 


comprises from O.f to 0.5 per cent of the total protein concentration in 
bovine plasma (cf. discussion above), 


Stability of Ac-Globulin 


A study has been made of the stability of Ae-globulin in storage plasma. 
At the slaughter-house 7 parts of cow blood were mixed with | part of 
1.85 per cent potassium oxalate. The oxalated blood was cooled, taken 
to the laboratory, and centrifuged at O°. Plasma obtained in this manner 
from five cows was stored at 5° and Ac-globulin analyses were made at 
regular intervals. Table | contains a summary of the results obtained 
over a period of 60 days. It is clearly shown that Aec-globulin is quite 


stable in oxalated bovine plasma stored under these conditions. 
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In contrast aqueous solutions of purified globulin lose aetivity rapidly, 
It, therefore, was of interest to study inactivation at Various temperatures, 
A product with a specie activity of LOOO tnits per me. of ty Was 
placed in neutral saline solution and aliquot portions were heated at Various 
temperatures for 30 minutes. The results are presented ino big. 3 and 
are compared with prothrombin inactivation curves published by Seegers 
(11) an 1940.) This inactivation curves were obtained by exactly the same 
technique. He pointed out that heat-treated prothrombin is less reactive 
to thromboplastin thin prothrombin not heated (1 rv allowing more 
time for thromboplastin to act he minimized the etfeet of Ae-globulin 
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DEGREES CENTIGRADE 
bic. Inactivation ot purified \e vlobuilin heating Pattiires tor 
20 minutes in neutral saline solution. The eurves tor prothrombin inactivation under 
simular conditions are reproduced trom previously published data (il Lrea repre 


sents Ae- globulin dest ruetion. 


destruction. This compensation tor Ae-globulin destruction is indicented 
by Area Yoin Fig. 3. 
DISCUSSION 


We believe that Ae-globulin is identicen! with the accelerator factor 
referred to ina preliminary report by Fantl and Nanee (lL) and with tactor 
Vo oof Owren (2,5). (our preliminary reports | 1,9) do not reter to Owren’s 
work because we were not aware of his contribution which he indicates 
Was first announced in 1944. Due to the War, this announcement ap- 
parently did not come to the attention of Fantl and Nanee. 

The question may be asked whether Ac-globulin could not be regarded 
as the hypothetical prothrombin A of Quiek (12). In agreement with 
Fantlhand Nance (1) we do not consider that conelusion msstble for several 
reasons. Ac-Globulin is quite stable in oxalated bovine plasma and is 
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adsorbed on magnesium hydroxide and aluminum hydroxide. Quick 
finds the opposite for his factor and in addition he has not described pro- 
thrombin A as an accelerator of prothrombin activation (12-16). The 
phenomena which Quidk has described as indicating two prothrombins 
(12) have been found to be largely due to the mixing of plasmas of dif- 
ferent species and to the effects of storage on plasma fibrinogen reactivity 


(17). 
SUMMARY 


Plasma contains a factor, Ac-globulin, which accelerates the activation 
of prothrombin in the presence of thromboplastin and calcium ions. It 
has been obtained in concentrated form. This globulin is less soluble in 
concentrated ammonium sulfate solutions than prothrombin. It is far 
more sensitive to heat than prothrombin. It is adsorbed on magnesium 
hydroxide and aluminum hydroxide. It is stable in storage plasma. Its 
concentration in bovine plasma is less than 0.7 per cent of the total plasma 
proteins. A quantitative method for the determination of Ac-globulin 
is described. With the aid of reasonable assumptions it has been shown 
that the electrophoretic mobility of Ac-globulin is —4.73 & 10-* in phos- 
phate buffer of pH 7.4. 


We wish to thank Mr. Carl Hyde for technical assistance, Dr. J. M. 
Vandenbelt for placing electrophoretic data at our disposal, and Parke, 
Davis and C‘ompany for large quantities of plasma and for funds for re- 
search in Physiology. 
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THE ENZYMATIC EXTRACTION OF RIBOFLAVIN FROM 
PORK FOR THE FLUOROMETRIC DETERMINATION* 


py BETTY M. WATTS,*t DA HWEIL PENG, ann NETTIE ESSELBAUGH 


(From the State College of Washington, Dirision of Home Economics of the 
Institute of Agricultural Sciences, Pullman) 


(Received for publication, Oetober 24, 1947) 


The literature contains a number of references to apparent increases in 
riboflavin as measured by either microbiological or fluorometric procedures 
when various raw foods are cooked or processed. Rice ef al. (5), using a 
microbiological method, found a large inerease in the riboflavin content of 
pork stored at 4° and at room temperature for some days. They attributed 
the increase to bacterial synthesis of riboflavin, since visible spoilage oc- 
curred in all samples showing the increase. Hinman ef al. (3), in an ex- 
haustive study employing both microbiological and a variety of fluoro- 
metric procedures, found a definite increase in riboflavin on braising of 
beef. Gileim al. (2), using «a fluorometric method, report retentions 
around LOO per cent when carrots were boiled, but apparent retentions of 
approximately 130 per cent when the carrots were held 13 to 3 hours at 
60-70°. Richardson ¢f al. (6) obtained apparent retentions in excess of 
200 per cent on canning beet (fluorometric procedure), but when the expert- 
ments were repeated by the rat growth method, the raw samples of meat showed 
a riboflavin content almost 3 times as high as was indicated by fluorometric 
analysts, and a slight loss of riboflavin occurred on canning. 

Similar large apparent increases have been noted frequently in this labo- 
ratory during recent months with fluorometric procedures. Murray! found 
retentions up to 150 per cent when dried peas were soaked and cooked. 
MeGregor? found inereased amounts of riboflavin in lamb after 6 months of 
freezing -torage and still higher amounts after 9 months, as well as large 
mereases on canning. Watts and Peng* obtained apparent retentions 
which sometimes exceeded 300 per cent on the dry, fat-free basis when 


* Published as Setentific Paper No. 746, College of Agriculture and Agricultural 
Lxperiment Stations, Institute of Agricultural Sciences, State College of Washington, 
Pullman, Washington. 

t Present address, College ot Home Eeonomics, Syracuse University, Svracuse, 
New York. 

I Present address, College of Home Keonomies, Michigan State College, East 
Lansing, Michigan. 

' Murray, H., unpublished. 

? McGregor, M., unpublished. 

*Watts, B. M., and Peng, D. H., unpublished. 
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pork ribs and loins were held in freezing storage for 9 months, then roasted. 
The increases were considerably greater in pork cooked after freezing thay 
in paired cuts cooked before freezing. There were no visible signs of spoil. 
age and the pork rated good to excellent in palatability tests. 

Many of the microbiological and fluorometric procedures, as currently 
used, depend upon a preliminary heating (boiling or autoclaving) in acid 
solution, followed by an enzymatic digestion with clarase or other com. 
mercial enzyme preparations to free riboflavin from combinations in the 
tissues. The kinds of food processing which have resulted in an apparent 
increase in riboflavin have in common the fact that the raw tissue is exposed 
for a period of time to its own enzymes before these enzymes are destroyed 
by heating at the pH of the original tissue. During braising of beef roasts 
or canning of meat, the temperature within the meat or can rises slowly: 
enzymatic activity might be expected to be accelerated at least during the 
preliminary stages of such cooking. 

The evidence points to the possibility of a riboflavin combination jn 
tissues Which is only partially released by clarase and other commonly used 
commercial enzyme preparations acting on heat-denatured tissues, but 
which may be released by enzymes within the tissue itself. The present 
study was designed to test this hypothesis by comparing ribotlavin values 
obtained on the raw pork by a widely used fluorometric procedure with 
values obtained on the same pork after a preliminary autodigestion. 

In view of the difference in time of extraction recommended by Connor 
and Straub (1) and Peterson, Brady, and Shaw (4), it also seemed advisable 
to investigate further the time factor in relation to the period of incubation, 


Proc dure 


The rib eye Gongissimus dorsi) muscle from fresh pork was used for all 
experiments. Meat was obtained from a loeal butcher. “The muscle was 
trimmed, put through a meat grinder, and thoroughly mixed. Samples 
not used immediately were heat-sealed in pliofilm and frozen at 
until ready for use, 

The fluorometric procedure of Peterson, Brady, and Shaw (4) was used 
with a slight modification of the extraction process as follows. 

Duplicate samples (45 gm.) of the ground meat were weighed and blended 
for 2 minutes in a Waring blendor with 105 mil. of O.Ob Ss sulfurie acid, 
39 gm, aliquots of this total suspension (10.5 gm. of meat) were then trans- 
ferred to 100 ml. volumetric flasks. To each flask were added an additional 
35 ml. of the acid. The flasks were then heated in a boiling water bath for 
1 hour with frequent agitation and cooled to below 50°. “To each flask 
was added 0.5 gm. of clarase and the pH adjusted to £5 with 0.5 \ sodium 
acetate, with bromocresol green a= an outside indiestor. The miuxture 
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was incubated at 45° overnight (15 to 16 hours), cooled, made up to 100 ml. 
with distilled water, mixed, and filtered. It necessary further dilution to 
an estimated riboflavin concentration of 0.5 to 2.0 y per ml. was made. 
The clear filtrate was used tor fluorometric assay as described by Peterson 
(4). All operations were carried out in semidarkness. 

Two variations of the extraction procedure were tried in order to in- 
vestigate the effect of preliminary digestion by enzymes in the meat. In 
the first variation, the meat was allowed to digest without clarase, then 
heated with acid, and finally digested with clarase. In a second variation, 
clarase Was added and allowed to act with the meat enzymes. The sample 
was then heated with acid and analyzed without any further digestion of 
the heated material. Details of the procedures were as follows. 

Variation 1-45 gm. samples of meat were blended with 55 ml. of dis- 
tilled water and LO ml. of chloroform to prevent bacterial growth. The 
blendor jar Was covered with aluminum foil to prevent evaporation and 
the blended samples were incubated at 45° for 16 hours. At the end of the 
incubation period 40 mil. of O.1 N sulfuric acid were added (with the same 
total acid Concentration as in the standard sample) and the sample again 
blended. Three 35 gm. aliquots representing in this case 10.5 gm. of meat 
were then transferred to 100 ml. volumetric flasks and the analysis com- 
pleted as in the standard method. 

Variation 2-45 gm. samples of meat were blended with 105 ml. of 0.04 
VN HLSO,, as in the standard method. 35 gm. aliquots of the total sus- 
pension were transferred to 100 ml. volumetric flasks. The pH, in all 
eases higher than 4.5, was adjusted to 4.5 by the addition of 0.04 N sulfuric 
acid. O.5 gm. of clarase and 3 ml. of chloroform were added to each flask, 
mixed, and incubated for 16 hours. At the end of the incubation period 
0.04 ~ HeSQO, was added to make a total of 35 ml. of added acid. The 
digest was then heated in the boiling water bath for Ll hour, cooled, pH 
again adjusted to 4.5 with 0.5 ~ sodium acetate, and made to volume with 
distilled water. Again the analysis was completed as in the standard 
method. Since most of the chloroform was evaporated during the heating 
period, no correction Was made for volume occupied by the chloroform 
in Variations | or 2. 

Periods of incubation time ranging from 6 to 72 hours were investigated 
with both the standard: method and Variation 2. 


Results 


Extraction of riboflavin from raw pork is increased by an incubation 
period preliminary to the heat treatment (Table 1). With autodigestion 
plus clarase the riboflavin was markedly increased, as compared with the 
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standard method. ‘This is true whether the enzyme preparation was added 
to the autodigest after the heat treatment (Variation 1) or at the beginning 
of the preliminary incubation (Variation 2). The somewhat higher values 
obtained in Variation 2 as compared to Variation 1 may be due to any one of 
several causes; 7.¢., (1) to the fact that autodigestion was carried out at 4 
lower pH (4.5 in Variation 2 as compared with the original pH of the meat, 
approximately 6.0 in Variation 1), (2) to a greater effect of clarase on raw 
than on heated meat tissues, or (3) to liberation of increased amounts of 
riboflavin from clarase by enzymes within the meat. 

However, incubation preliminary to heat treatment failed to increase the 
riboflavin extraction from roasted pork (Sample VI, Table I) which had 
been stored frozen for 1 year. Both the standard method of extraction 
and Variation 2 resulted in approximately the same amount of riboflavin, 


TABLE [ 
Effect of Autolysts on Riboflavin Obtained from Raw Pork y 
| Riboflavin, 7 per 100 gm. pork 

Pork sample No. Clarase sampie No 
Standard method Variation 1 Variation 2 

I l 58 107 132 

I 2 112 | 

II 2 81 129 

LV 2 75 120 

Iv* 2 SY 139 

Vit | ] 107 | | lu2 


* After storage at —17° for 1 week. 
+ Roasted, frozen for 1 year. 


This would indicate that following the denaturation of the enzymes within 
the meat by heat, the liberation of riboflavin by clarase is retarded. 

The first sample of clarase used gave very low values for riboflavin by 
the standard method. This lot was 3 vears old. In addition it had a 
very high enzyme blank (18.9 y per gm. of enzyme). A new purchase of 
clarase containing less riboflavin (5.5 y per gm. of enzyme) released almost 
twice as much riboflavin from the same sample of meat by the standard 
method. This newer product was used in all later experiments. 

Since Variation 2 resulted in the highest riboflavin values, it was used 
to compare with the standard method in respect to variable extraction 
periods. Contrary to Peterson ef al. (4) increased readings for riboflavm 
were obtained with increasing time (Table If) at least up to 60 hours. All 
but one series showed this increase up to 72 hours, the maximum length of 
time tried. These increased values were obtained with both methods of 
extraction, although the amount of riboflavin extracted from the heat- 
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treated tissue was always less than with the preliminary incubation. At 
the end of 72 hours the riboflavin extracted by the predigestion procedure 
was approximately 3 times the amount originally found by the standard 
procedure. 

Although there was no apparent indication of spoilage, the efficiency of 
chloroform as ” preservative was naturally questioned in view of these 
results. Because of its higher boiling point, toluene was chosen as an 
added preservative. To each 35 gm. aliquot, 4 ml. of toluene were added 
to the chloroform-meat suspension before incubation. The added pre- 
servative did not prevent these increased riboflavin values (Table IT). 
Again, Variation 2 resulted in higher values than in the standard method. 

As a further check on the efficacy of toluene as a preservative the ribo- 
favin in meat Sample V was extracted as in the standard method, with 


Tasie II 
Keffect of Digestion Time on Extraction of Riboflavin from Raw Pork 


Riboflavin at various digestion intervals, 


Pork en oe >» per 100 gm. fresh raw pork 
Na procedure 
16 24 30 48 60 72 
hrs. hrs. | hrs. hrs. hres. | hrs. hrs. 
Ill Variation 2 (Chloroform 7s 126, 149 192 | 
IV Standard we | 78 128 134 165 167 
Variation 2 " 120 167, 201) 278 
IV* Standard and toluene | 89 139 
\ Standard 107 | «(146 


+ and toluene 107 155 


* After storage at —17° for 1 week. 


and without added toluene (Table [1). At 16 and 72 hours, the riboflavin 
values obtained by a chloroform-toluene suspension were substantially the 
same as those secured from the chloroform suspension alone. Since the 
added preservative action afforded by toluene did not prevent the increased 
riboflavin values with time, it is assumed that the increase is caused by 
enzymatic release of the riboflavin rather than bacterial synthesis. 


DISCUSSION 


The results demonstrate that present widely used methods of extraction 
lor the fluorometric assay of riboflavin give a variable fraction of the total 
riboflavin present in meat. Enzymes within the meat itself bring about a 
progressive increase in the riboflavin liberated if opportunity is allowed for 
autedigestion in the presence of preservatives. This enzymatic liberation 
of riboflavin probably continues at the low temperatures of freezing storage 
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and may be greatly accelerated at higher temperatures encountered in the 
preliminary stages of cooking. 

Microbiological riboflavin assays are also carried out on filtrates of meat 
extracted by methods similar to those used for the fluorometric procedure. 
Autoclaving in acid solution or treatment with commercial enzymes jx 
relied upon for extraction, and detailed comparisons on the amount of 
riboflavin freed by these procedures are lacking (7). 

On the other hand, it might be expected that the biological assay would 
more nearly approximate the total riboflavin present, since animal tissues 
apparently contain enzymes capable of releasing the bound form of the 
vitamin. The only comparison, of which the authors are aware, of fluoro- 
metric and biological assays on raw and cooked meat (6) seems to support 
this view. 

More work on extraction procedures seems to be imperative before pe- 
liance can be placed on figures for the riboflavin content of meats or ribo. 
flavin losses during meat processing. 

Further investigation of the extraction and determination of riboflavin 
in plant and animal tissue by both chemical and biological methods are 
being continued in this laboratory. 


SUMMARY 


Data have been presented which indicate that extraction of riboflavin 
from pork muscle is increased by an incubation period at 15> preliminary to 
the denaturation of the tissue bv heat at LOO). The presence of clarase 
during this preliminary incubation extraction facilitates this apparent 
autolysis and imereases the riboflavin values. 

The adequacy of the generally accepted 24 hour extraction period is 
questioned. Increasing riboflavin values were obtained up to 72 hours of 
incubation, the maximum length of time tried in the presence of preserva- 
tives. 

Incomplete extraction of potentially active riboflavin may account for 
reported increased vields after processing or storage. 
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FRACTIONATION OF SERUM WITH METHANOL AND 
ULTRAFILTRATION 


By JAMES J. QUIGLEY 


(From the Division of Laboratories and Research, New York State Department of 


Health, Albany 
(Received for publication, October 31, 1947) 


A method tor determining the albumin-globulin ratio in serum by precipi- 
tation With methanol at O° has been described by Pillemer and Hutchinson 
(1). The authors compared the ratios so determined with values found by 
electrophoretic analysis and reported excellent agreement. “They employed 
the method only for analytical purposes. This paper describes the use of 
Pillemer and Hutchinson’s method, without essential modification, in con- 
junction with ultrafiltration (2) for the isolation of albumin and globulin 
fractions, both from human sera and from sera of normal and immunized 
animals. 

Method 


The method of Pillemer and Hutchinson requires that all operations be 
carried out between O-1°. 2 mi. of sera and | ml. of sodium acetate buffer, 


pH 4.0, are well mixed and cooled to about 4°. 7 mi. of a diluted methyl! 
alcohol solution are cooled to O° or slightly lower. The two solutions are 


then well mixed and maintained at approximately O° for 30 minutes. This 
gives a final alcohol concentration of about 42.5 per cent and a pH of 
hetween 6.7 and 6.9. Under these conditions the globulins are quantits- 
tively precipitated, while the albumin remains in solution. 


EXPERIMENTAL 


The sera used included a pool of rabbit sera prepared approximately | 
vear previously, a pool of fresh guinea pig sera, a pool of fresh human sera 
that did not react in serologic tests for syphilis, horse serum from an indt- 
vidual bleeding 7 months old, and an antipneumococcus type 2 rabbit serum 
from a pool 4 vears old. 50 mil. of sera were used in each experiment. 

A methanol solution, 60 per cent by volume at room temperature, was 
adopted as the standard precipitating solution. The amount of buffer in 
the several experiments was varied to obtain a final pH of 6.7 to 6.9. Less 
buffer was required with rabbit and guines pig sera than with human serum; 
more buffer, with horse serum. 

The precipitated globulins were filtered by suction in the cold room (8°) 
ona Bichner tunnel. A No. 50 Whatman filter paper coated with Lem. of 
Hyflo Filter-Cel moistened with 40 per cent methanol was employed for 


retention of the precipitate. Since filtration time was only about 30 
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minutes, the rise in temperature from 0° was not harmful. After removal 
from the filter paper, the globulins plus Filter-Cel were dried overnight in 
a desiccator containing sulfuric acid. The paper, retaining some of the 
globulin, was dried simultaneously in the same desiccator. The dried 
globulin was dissolved in 1 per cent sodium chloride, adjusted to pH 7-4 if 
necessary, centrifuged to remove Filter-Cel and shredded filter paper, and 
restored to the original volume. The albumin-methanol filtrate was 
diluted 1:2 with distilled water to avoid undue swelling of the membrane 
and was adjusted to pH 7.4 to 7.6 to suppress adsorption upon the 
membrane (3). 

The albumin-methanol solution was concentrated to about 25 ml. by 
filtration upon a 9.5 per cent parlodion nitrocellulose membrane. The 
albumin solution was then diluted about 10-fold with sterile distilled water 
and once more concentrated by filtration to about 25 ml. This was re- 


TaBie I 


Methanol Fractionation of Sera 


Albumin globu- 
lin ratio Non- 
Species pH protein 
jel- K jel- kK jel- K jel- 


Protein Albumin (slobulin 


percent percent percent percent percent percent -— 


Rabbit 7.6 | 6.15 | 6.19 | 4.40 4.39 | 1.53 1.66| 2.9 2.6 0.36 
Guinea pig 8.15 | 4.84 | 4.90 | 3.51 | 3.46 | 1.25 | 1.30 38 2.7. 0.41 
Human Ss. 7.40 | 7.36 | 4.58 | 4.61 | 2.72 | 2.81) 1.7 1.6 0.30 
Horse... 7.6 7.10 | 7.06 | 3.91 | 3.89 | 3.15 | 2.99 1.2 1.3 | 0.23 
Rabbit * S.0 9.12, 9.18 2.84 | 2.99 | 5.47 5.40); 0.5 


0.6 0.76 


— 


| 
| 


* Antipneumococcus type 2 rabbit serum. 


peated several times to remove the methanol, atter which the albumin was 
removed from the ultrafilter and diluted to its original volume with water. 
The results are recorded in Table I. 

The nitrogen content of the various sera and tractions was determined by 
the usual micro-Kjeldah!l procedure. The non-protein nitrogen was deter- 
mined after removal of the protein with trichloroacetic acid. The faetor 
6.25 was used to calculate protein trom protein nitrogen. 

To furnish an alternative estimation of the protein content of the various 
solutions, the copper sulfate density method of Phillips and his coworkers 
(4) was used. Their study was concerned with plasma proteins, but the 
serum density correspondingly indicates the serum proteins. Since the 
original article appeared, the authors have modified the equation for normal 
human plasma, which now appears as 


(1) P = 389.6 (G, — 1.0079) 
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where P is the plasma protein concentration in gm. per 100 ml.; G,, the 
density of the plasma; 1.0079, the density of the ultrafiltrate of the plasma 
which consists of water, salts, ete.; and 389.6 is an empirical coefficient. 
The equation previously employed was 


(2) P = 360 (G, — 1.0070) 


The copper sulfate density determinations of the sera and of the albumin 
and globulin preparations are recorded in Table II. The figures in the 
fourth decimal place are interpolated values. In the determination of 
protein in normal human sera when equation (1) was used, close agreement 
was obtained between results by the Kjeldahl and copper sulfate density 
methods. However, for other normal animal sera and for all these frac- 
tions, including those from the immune sera, the use of equation (2) was 
much more satisfactory. In calculating the protein content of the globulin 
fractions, 1.0070 was used, us indicated, inasmuch as the density of 1 per 


TaBLe Il 


Density of Sera and Fractions 


Species Sera | Albumin Globulin 
Rabbit... i | 1.0242 | 1.0122 1.0116 
Guinea pig . 1.0206 | 1.0096 1.0106 
Human... 1.0268 1.0128 1.0148 
Horse... bite 1.0266 1.0108 1.0153 
Rabbit*.. 1.0340 1.0083 1.0220 


*Antipneumococcus type 2 rabbit serum 


cent sodiuin chloride is 1.0070 at 25°/25°. Since the albumin fractions are 
washed free from salts and methanol, 1.0000 (by definition the density of 
water at 25°/25°) is employed instead in the equation. 


DISCUSSION 


The results obtained in the fractionation of rabbit sera as shown in Table 
I agree fairly well with those obtained by Bjgrneboe and Gormsen (5). 
They found the average protein content of seventeen normal rabbit sera 
to be 6.03 per cent, the globulin content 1.23 per cent, and the albumin 4.81 
percent. The average globulin content of the sera of young rabbits was 
1.42 per cent, but old rabbits averaged 0.95 per cent. A globulin content 
in excess of 2 per cent was considered abnormal. 

The results with human sera are similar to those obtained by Pillemer 
and Hutchinson. Fractionation of normal horse serum yielded results 
resembling those of Butler and Montgomery (6), who fractionated normal 
horse sera by both the (NH,4).SO, and NasSO, methods and estimated the 
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albumin-globulin ratio to be 1.24 by the former method and 1.10 by the 
latter. 

When immune rabbit serum was ultrafiltered through a 9.5 per cent parlo- 
dion membrane, the protein-free ultrafiltrate contained 0.4 per cent 
chlorides and had a density of 1.0085. When this density was used in place 
of 1.0070 in equation (2), the protein content so calculated was approxi- 
mately the same as that obtained by the Kjeldahl method. The pool of 
4 year-old sera gave indications of amino acid inhibition of copper proteinate 
formation (7). 

As a check upon the efficacy of the fractionation method with immune 
sera, Heidelberger’s (8) method for precipitation of antibody nitrogen by 
the type-specific carbohydrate was used.!. From the unconcentrated serum 
4.68 mg. of antibody nitrogen per ml. were precipitated, and from the 
globulin diluted to volume, 4.21 mg. per ml. No precipitate resulted when 
the type-specific carbohydrate was added to the albumin fraction. These 
results indicate satisfactory recovery and considerable purification of the 
globulin and that the globulin was not significantly denatured by the 
methanol precipitation. Accordingly the procedure should be a useful 
preliminary step in the study of such antibodies. 


SUMMARY 


The preparation of serum albumin and globulin fractions by a combina- 
tion of methanol precipitation and ultrafiltration is described. The method 
is applicable to various normal and immune snimal sera as well as to human 
serum. 

The protein content of various sera and of albumin and globulin solutions 
derived from them was precisely estimated by the copper sulfate density 
method. 
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PROTOPORPHYRIN 9 AS A PRECURSOR OF CHLOROPHYLL* 


By 5. GRANICK 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, November 8, 1947) 


Chlorella vulgaris is an ovoid plant cell of 3 to 10 wu diameter which pos- 
sesses ah Single cup-shaped chloroplast containing the chlorophyll and 
carotenoids. ‘This cell normally synthesizes these pigments in the dark 
when grown on a glucose-inorganic salt medium. 

In an attempt to analvze the steps in the synthesis of these pigments, 
mutants of the Chlorella cells were prepared by irradiation with x-rays. It 
was hoped that in this manner some of the intermediate stages in the 
synthesis might be prevented and that intermediate products might 
accumulate. ‘This paper Is concerned with the isolation and characteriza- 
tion of a brownish red fluorescent pigment which appeared in one of the 


mutants. 
EXPERIMENTAL 


Origin of Mutant Chlorella Ws Brown—Chlorella vulgaris cells, grown on 
the inorgamie medium of Craig and Trelease (2) in the light, were concen- 
trated by centrifugation, suspended in a small drop of the same medium in 
a thin walled Carrel flask, and exposgd to x-rays from a 180 kilovolt tungsten 
target tube at a rate of 2050 nop. for 10 to 20 minutes, the tube radiation 
half value layer being 0.19 mm. of Cu. 

The treated cells were then diluted and from that time on were grown in 
the dark on a solid medium consisting of 3 per cent agar, 0.7 per cent 
glucose, and the inorganic salts. Colorless, pale green, and vellow colonies 
arose. A mutant, Ws, with which we shall be primarily concerned here, 
was Isolated early in 1946 as a colorless colony. It has a tendency to give 
rise to pale green colonies. ‘The pale green colonies may give rise to color- 
less colonies again. On solid media, both the pale green and colorless cells 
have given rise at times to brown colonies. Colonies arising from single 
cells derived from these brown areas have been further selected for their 
tendeney to turn brown. 

When the brown cell, Ws brown, is grown in a liquid medium, even with 
continual aeration, the developing cells appear only faintly brown in a thick 
layer. If grown in test-tubes on agar slants or in Petri dishes, the brown 
color develops within 1 to a few weeks. For large flasks and rapid develop- 


* This ts the third in aseries of studies on porphyrins and related compounds. For 
the second paper see Gilder and Granick (1). 
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ment of the brown color the following procedure has been used. An inoeu- 
lum, taken from brown cells on solid medium or from the almost colorless 
cells grown on liquid medium, was sown on solid medium. At 25° growth 
Was Maximum on the 4th day, but the cells were colorless; at this time the 
flasks were tilted slightly to drain away excess surface liquid, and within 
the next 2 to 3 davs the cells became brownish. If the liquid was not 
drained away some 4 to 6 days after inoculation, only a slight browning 
resulted within the next few duys The impression was gained that the 
brown pigment develops most rapidly in the resting stage at the end of the 
logarithmic period of growth. 

Under these conditions of growth the cells often were enlarged to 2 to 3 
times their normal diameter, containing some five to twenty large stareh 
grains which appeared to be localized in a vacuole making up most of the 
cell volume; a thin crescent-shaped aren of cytoplasm containing the 
granular or reticulated brown material lay on one side of the cell. These 
cells were easily broken by merely shaking in distilled water. Small cells 
were seldom observed to contain this brown material. 

Properties of Brown Material—In the hand spectroscope a suspension of 
the brown cells revealed three bands with maxima at 530, 590, and 645 mg. 
No band at 505 my was visible. By washing the cells with water and 
centrifuging at 500 & g, 2 brownish cloudy supernatant solution was ob- 
tained whose absorption, when measured with the Beekman spectrophoto- 
meter, revealed the same bands (Fig. 1, Curve A). When this brown 
pigment was extracted, dissolved in dilute alkaline ethanol solvent, and 
brought to the same volume as the original suspension, a curve (Fig. 1, 
Curve B) typical of protoporphyrin was obtained. 

The brown color of the cell suspension was found to correspond in spectral 
properties to a colloidal suspension of protoporphyrin. When crystalline 
protoporphyrin was dissolved in 0.02 N potassium hydroxide containing 50 
per cent by volume of ethy/ alcohol, a pink solution of the monomeric form 
of protoporphyrin was obtained (Fig. 2, Curve A). When this solution was 
neutralized with acetic acid, the protoporphyrin became colloidally poly- 
merized and its absorption bands changed (Fig. 2, Curve B); the solution 
turned brownish red in color, the 505 my band vanished, and new band 
maxima arose, corresponding to those observed in the brown Chlorella cells. 
Depending on the degree of polymerization, various intermediate types of 
absorption spectra between those of the monomer and the high polymer 
could be obtained. 

The brown pigment was most readily released from the cells by wetting 
the packed cells with a mixture of glacial acetic acid containing a small 
amount of HCl and extracting with an equal volume of ether. From 
neutral or alkaline solutions the pigment was only extracted into organic 
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solvents with difficulty, although the small amounts that were extracted 
showed the typical protoporphyrin spectrum. Advantage was taken of 
this relative insolubility of the pigment at neutral pH to get rid of fatty 
materials of the cells by a preliminary extraction with ether and alcohol 
before extracting the main bulk of the pigment. 

Isolation of Pigment from Cells—About 50 ec. of packed cells were first 
extracted with 150 ec. of ethyl alcohol and then with 150 ec. of 3:1 ether- 
absolute alcohol to get rid of fatty materials. This solution, which was 


15 


Extinction 


450 500 550 600 650 700 
oye 
Fig. |. Curve A, absorption of an aliquot of brown pigment obtained from the HW; 
brown cells as a cloudy suspension in water; Curve B, absorption after extraction and 
dilution in 0.02 N KOH-50 per cent ethanol solvent to the same volume as the original 
aliquot 


discarded, was faintly pink, showing the typical bands of protoporphyrin. 
The cells were next stirred with 50 ec. of acetic acid-HCl (99 parts of acetic 
acid + 1 part of 6 N HCl), and then 100 cc. of ether were added. The 
suspension was centrifuged and the supernatant containing the acid form 
of protoporphyrin was decanted. The extraction was repeated twice more. 
The combined extracts in a separatory funnel were treated with aqueous 2 N 
potassium acetate to convert the pigment to the neutral form, and the 
acetic acid was removed from the ether laver with water. 
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Identification of Pigment As Protoporphyrin— An aliquot of the ether 
solution was measured spectrophotometrically. The extinction values so 
obtained were plotted on a curve of known protoporphyrin; one point was 
multiplied by a factor (7.e. 505 my). All other points fell on the curve 
Within experimental error, the position and height of the band maxima of 
the porphyrin from Chlorella were identical with those from crystalline 
protoporphyrin. 
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Fic. 2. Extinetion #£ is for a lem. light path, the concentration of protoporphyrin 
being per ec. Curve A represents extinction of a pink protoporphyrin solution 
dissolved in 0.02 N KOH -50 per cent ethanol; Curve B extinetion of 5 cc. of the above 
protoporphyrin solution to which had been added 0.02 ec. of glacial acetic acid, 
esulting in a brownish red colloidal solution. 


The HCl number of the porphyrin was also determined on another 
aliquot by successively extracting the pigment into increasingly higher 
concentrations of aqueous HCI; it was found to be identical with that ot 
protoporphyrin. No porphyrin other than protoporphyrin was detected 
in the aqueous extracts. A protoporphyrin containing only one viny! 
group might have been expected to be extracted from the ether with an 
HCl solution of from 0.1 to 0.8 ~ HCl; a porphyrin with such a property 
was not detected. The main ether solution was extracted with 2 x HCl. 


(Only a faint residue in the ether remained, the concentration of which was 
too low to be worked up.) 
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Further support for the identification of the brown pigment as proto- 
porphyrin was obtained by biological tests. Hemophilus influenzae Turner 
requires iron protoporphyrin or protoporphyrin for growth (1). It may, 
however, grow when furnished with iron porphyrins which lack vinyl 
groups. When protoporphyrin was replaced by a suspension of Ws brown 
Chlorella cells, definite growth of the influenza organism was observed. 
No support of growth of the influenza organism could be obtained with a 
suspension of normal green Chlorella cells or a suspension of yellow mutant 
Chlorella cells to replace protoporphyrin. This influenza organism has 
the further agreeable property of reducing nitrate to nitrite only in the 
presence of vinyl-containing porphyrins, t.e. protoporphyrin or iron proto- 
porphyrin (1). No other porphyrins or iron porphyrins have this effect. 
Quantitative determinations were made of the growth of this organism 
and its nitrate-reducing ability on protoporphyrin 9 and on the compound 
isolated fromCh/lorella. For both compounds at a concentration of 0.01 
of compound per ec. of medium there was a trace of growth and no nitrate 
reduction. At 0.02 y per ce. growth was maximum and nitrite formation 
was maximum for both compounds, further confirming the idea that the 
compound from Chlorella is a protoporphyrin. (Because no isomeric 
protoporphyrins have been available for determining the specificity of the 
biological test, it cannot be decided from this experiment that proto- 
porphyrin of Chlorella is isomerically identical with that derived from 
hlood heme.) 

[dentification of Protoporphyrin As lsomer 9— One-fitth of the total HC! 
extract from the ether was esterified with methyl aleoholic HCl This 
crystalline compound had a melting point of 223°, and on recrystallization 
the melting point was 225°. ‘Too little remained for further reerystalliza- 
tion. A preparation of protoporphyrin & dimethyl ester prepared from 
beef hemoglobin had a melting point of 228°. The literature reports a 
meliing point of 230° tor protoporphyrin 9 dimethyl ester. Considering 
the effect of shght impurities and that the melting points were determined 
on crystals under the microscope, the melting point of the protoporphyrin 
dimethyl! ester derived trom the Chlorella cells supports the idea that the 
protoporphyrin Is probably isomer 9. 

The accepted method of identifying the isomers is to convert the proto- 
porphyrin to mesoporphyrin dimethyl ester, the melting point of whose 
isomers are known. The main portion of the HCl extract containing the 
protoporphyrin was converted to the meso ester in the following manner: 
The HCl] solution (about 50 ce.) was neutralized with 2 M potassium 
acetate, and the flocculation aided with 0.2 @m. of sodium tartrate. The 
precipitate was filtered onto a small asbestos mat, washed once rapidly 
with absolute aleohol, and then dried in a vacuum desiccator. 

Conversion to mesoporphyrin was brought about by treating the asbestos 
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mat containing the protoporphyrin with 2.5 cc. of 99 per cent formic acid 
plus 3 mg. of colloidal palladium (18.2 per cent Pd). This suspension was 
warmed to 50° and H, bubbled in for 10 minutes. The solution was then 
filtered by suction, and the filter washed with « few drops of formic aeid 
and then with water. The filtrate was transferred to a separatory funnel, 
diluted with 10 cc. of water, the formic acid neutralized with 2 M potassium 
acetate, and the porphyrin extracted into the ether. The ether layer 
was Washed several times with water. It was extracted with 0.2 xn HC] 
and then with 1 xn HCl. (No evidence for a porphyrin other than meso- 
porphyrin was observed spectroscopically in these extracts.) The HC! 
extracts were combined, filtered, reextracted into the ether, and the ether 
evaporated to dryness. 

The resulting dry mesoporphyrin was esterified overnight at room tem- 
perature with 15 ce. of dry methanol containing 5 per cent by weight of 
HCl. The esterified mesoporphyrin was then extracted into 10 ce. of 
CHCl. The CHC]; solution was washed with water and finally with 0.02 
~ NH,OH to convert the porphyrin to the neutral form. The CHC1, was 
dried with anhydrous sodium acetate, filtered, and evaporated to dryness, 
and the residue was crystallized from CHC], with methanol. 

A vield of 6.5 mg. of large well formed crystals was obtained. Under 
the microscope, crushed crystals began to melt at 216.5°, new erystals 
forming in the melt as the temperature was increased slowly and all evidence 
of crystallinity disappearing at 218°. A mixed melting point of equal parts 
of three times crystallized mesoporphyrin dimethyl! ester (prepared from 
heme of hemoglobin according to the method of Fischer and Pitzer (3)) 
with the above meso ester crushed together On a cover-slip showed hegin- 
ning of melting at 213.5°, the last crystals melting at 218.5°. These 
melting points may be considered iis confirmation that the protoporphyrin 
isolated from the Chlorella cells is protoporphyrin isomer 9. 

The absorption curve of the meso ester derived from the pigment of Ws 
brown cells was compared with that of the meso ester prepared by the 
method of Fischer and Pitzer (3) from blood heme. Within experimental 
error, the points on the mesoporphyrin curve are seen to be identical. 

For comparison, the absorption curve of protoporphyrin dimethyl ester 
is also shown in Fig. 3. Beeause of the sensitivity of this compound to 
decomposition, it Was recrystallized and then further purified by chromato- 


graphic adsorption in dim light on a column of 10 parts of powdered sucrose 
and 1 part of taleum. ‘The column was first wetted with a 1:1 solution of 
petroleum ether (b.p. 70°) and benzene. The ester was dissolved in 
CHCl, and adsorbed on the column, which was then developed and eluted 
with a solution of CHCl, and benzene, the proportion of CHCl, in the 
solution being gradually increased. A pale greenish residue remained on 
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the column. Addition of petroleum ether to the eluate resulted in beauti- 
ful plates arranged in rosettes which were dried in vacuo and used for the 
spectroscopic measurements on the same day. 

Micromethod for Quantitative Conversion of Protoporphyrin to Meso- 
porphyrin Dimethyl Ester—Protoporphyrin has been found to be converted 
to mesoporphyrin quantitatively in 98 to 100 per cent formie acid in the 
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Fic. 3. Molar extinetion in CHCl; of mesoporphyrin dimethyl ester derived from 
blood heme (@) and from the pigment of Chlorella Ws brown mutant (+). For 
comparison of the positions of the bands and their maxima, the extinction of proto- 
porphyrin dimethyl ester (OQ) in is alsogiven. The extinction is 10 times higher 
on the left side than on the right side. Molar extinetion per cm. of light path for 


agiven wave-length per titer = 1/(em. X mole per liter)). 


presence of colloidal palladium and hydrogen in a period of 5 to 10 minutes, 
at 50-40°. No side products appear to be formed (at higher temperatures 
or in more aqueous formic acid, side products are observed) in contrast to 
results with the reduction methods with hydriodic acid (4). 

For example, 11.4 mg. of protoporphyrin + 1.00 ec. of 99 per cent formic 
acid + 3.0 mg. of colloidal palladium (18 per cent Pd) were bubbled with 
hydrogen at 50-60° for 10 minutes in a small Claisen flask. The formic 
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acid was then distilled off to complete dryness with the aid of a vacuum, 
Then 10 ce. of dry methanol-HCl (containing 5 per cent HCI] by weight) 
were added, and the flask stoppered and left overnight at room tempera. 
ture. The solution of mesoporphyrin dimethy! ester was transferred to 4 
separatory funnel with 10 cc. of CHCl. The CHCl, solution was washed 
with water several times, then with 0.02 nN NH,OH, dried with anhydrous 
Na2SQ,, filtered with a filter stick, and the CITCI; solution including the 
CHCl; washings of the NagSO, was evaporated down to a few cc., filtered, 
and further evaporated to dryness. The ester was then crystallized by 
dissolving it in 0.5 ec. of hot CHCl;, adding 3 cc. of boiling methanol, 
letting the solution cool slowly in a beaker of hot water, and finally placing 
it in the ice box overnight. Large, well formed crystals resulted which 
were washed with dry methanol and were then dried in a vacuum desiccator 
at 70°. The yield was 10.63 mg. or 88.3 per cent of theory. (Further 
crystals were observed to form later in the mother liquor from the crystal- 
lization.) Crystals began to melt at 213.5° and complete melting was 
observed at 216°. The mixed melting point with ester derived from blood 
heme began to melt at 213.5°, complete melting being observed at 217°, 

Melting Point of Mesoporphyrin 9 Dimethyl Ester—The identification 
of the isomeric porphyrins depends on the determination of the melting 
points of their methyl esters. The isomers ure in general indistinguishable 
on the basis of absorption spectra. The melting points of twelve of the 
fifteen possible isomers are known (5). Two of these isomers have melting 
points in the neighborhood of those reported for isomer 9. [somer 13 has 
a melting point of 217° and isomer 14 has a melting point of 205-209°. 
Fischer and coworkers have reported melting points for the mesoporphyrin 
9 dimethyl ester us ranging from 206-216°. ‘Taylor (6) has reported a 
value of 215.6°; “none of the samples melted with ideal sharpness.’’ These 
variations and the unsharp melting point of the product derived trom blood 
heme were at one time postulated by Fischer to represent a mixture of two 
isomers, but this idea Was later rejected by him (7,8). These facts sug- 
vest that the melting point criteria tor the identification of the isomers 
have certain limitations 

Using a melting point apparatus in conjunction with a polarizing micro- 
scope, we have observed the following phenomena. When the crystals of 
the meso ester were crushed very finely between two cover-slips and 
mounted in the hot stage, streaks of oriented material and small crystalline 
fragments could be seen under polarized light. As the temperature was 
raised and approached that of incipient melting, the streaks appeared to 
form tiny crystals oriented with their long directions parallel to the diree- 
tion of the streaks. After melting had begun, one could see within the 


d 
te 
| 
| 
| 
| 
| 


S. GRANICK 725 


droplets numerous small crystals forming and melting. Only when the 
temperature had risen some 2-4° above the incipient melting point, did all 
birefringent material disappear. The incipient melting point was more 
easily seen at the edge of larger crystals. 

For the calibration of the hot stage thermometer in this temperature 
range AgNOs, m.p. 208°, was used. Although the AgNOs crystals could 
he seen to darken as the temperature was raised, the melting of all the 
erystals occurred within a rise of 0.5°. No organic material examined 
gave this sharp a melting point in this temperature range. ‘The incipient 
melting points of a number of the meso ester preparations are listed in 


Table I. 


TABLE I! 


Incipient Melting Points of Mesoporphyrin 9 Dimethyl Esters Measured on Microscope 
Hot Stage Apparatus 


Sample No Preparation | Incipient m.p. 
Cc. 

ister prepared by method of Fischer and Putzer 210 

2 Sample 1 reerystallized 3 times from | 212 
CHC-CH,OH 

4 Sample | chromatographed and recrystallized 216.5 

prepared from protoporphyrin by Pd + 213.5 
+ formic acid method 

5 Kester prepared from Ws, brown extract by Pd + H, 216.5 
+ fornue acid method 

ty Mixed mp. of equal parts of Samples 5 and 2 213.5 


ester (melting at 228 ) with meso ester, Sample 2 


DISCUSSION 


The lack of chlorophyll in the mutant Chlorella Ws brown and the rela- 
tively high protoporphyrin content suggest the interpretation that a 
block has occurred in the svnthetice chain, normally leading to chlorophyll, 
Which permits the accumulation of the intermediate compound proto- 
porphivrin. 

Protoporphyrin has been detected in many animals and plants (9), 
existing either free in traces or generally in the form of the iron complex. 
Where it has been isolated from animal species in sufficient amounts, it 
has been found to be isomerieally identical with protoporphyrin derived 
trom the blood heme of mammals. In this paper, it has been shown that 
protoporphyrin derived trom a plant cell, Chlorella, is also isomerically 
identics| with the protoporphyrin of blood heme 
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H C 
CH, C—C=0 

COO COOCH, 


Fe protoporphyrin 9 Chlorophyll a 


The similarity between the green pigment of the leaf, chlorophyll, and 
the red pigment of the blood, iron protoporphyrin, was hypothesized early 
by Hoppe-Seyler (10), Marchlewski (11), and others. It remained for 
Nenki, Piloty, Kuster, and Willstétter (12, 13) to recognize the basic plan 
of their ring structure and for Fischer, Conant, and their coworkers (14, 15) 
to determine the basic similarities of their side chain pattern. 

The biochemical relationship between these two pigments is now clearly 
suggested by the work on Chlorella. Protoporphyrin appears to be the 
metabolic precursor of chlorophyll. A plausible series of oxidation-redue- 
tion and esterification steps may now be conceived for the biochemical! 
synthesis of chlorophyll from protoporphyrin. It is hoped that the study 
of other mutants will demonstrate the order of this process. 


We desire to acknowledge the invaluable technical assistance of Miss 
Ruth Kett and Mrs. Helen Brooks in the isolation and cultivation of the 
mutants. We also wish to express our thanks to Professor S. Trelease of 
Columbia University for his strain of Chlorclla vulgaris, to Dr. S. TH. Woll- 
man of the x-ray department of Memorial Hospital for his kind coopera- 
tion, and to Dr. Leonor Michaelis for his constant stimulation and advice. 


SUMMARY 


A pigment isolated from an x-ray mutant of Chlorella has been identified 
as protoporphyrin by its absorption spectrum maxima, its HC] extraction 
number from ether solution, and its capacity to support the growth of an 
influenza organism. It was characterized as the 9 isomer by converting 
it to the protoporphyrin dimethy! ester and to the mesoporphyrin dimethy! 
ester, and by determining their melting points. The brown color of the 
cells was found to be due to the colloidal aggregation of protoporphyrin 
within them. 
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A quantitative micromethod is described for the conversion of proto- 


porphyrin to mesoporphyrin by reduction of the vinyl groups with hydrogen 
and palladium in formic acid. 


Protoporphyrin 9, the porphyrin of blood heme, is postulated to be a 


normal metabolic precursor in the synthesis of chlorophyll by the plant 


cell Chlorella. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION 
OF CITRIC ACID IN BLOOD AND PLASMA* 


By GLADYS H. WOLCOTT anp PAUL D. BOYERT 
(From the Naval Medical Research Institute, Bethesda, Maryland) 


(Received for publication, November 10, 1947) 


As early as 1897 the oxidative bromination of citric acid to form a bromi- 
nated acetone derivative, presumably principally pentabromoacetone, was 
adapted to the quantitative determination of citrate (1). Most subse- 
quent procedures have been based on the same reaction. Among the 
more recently described procedures are those of Pucher (2) and of Goldberg 
and Bernheim 3). ‘These methods, with minimum sensitivities of ap- 
proximately 0.05 and 1.0 mg. of citric acid, respectively, are not sufficiently 
sensitive for many purposes; hence experiments were undertaken to develop 
amore sensitive procedure. In common with earlier procedures the method 
reported herein is based on the formation of a brominated acetone deriva- 
tive. The sensitivity, however, has been lowered to 5 to 50 y of citric 
acid by the use of a new procedure for the colorimetric microdetermination 
of bromide. 

Since this work was completed, a method for citric acid determination 
with a sensitivity of 10 to 60 y of citric acid has been published by Taussky 
and Shorr (4). This method, which also is based on the oxidative bromi- 
nation of citric acid, appears satisfactory. The present procedure, how- 
ever, is presented, as it differs considerably in the method used for the 
determination of the bromine present as brominated acetone derivatives. 


EXPERIMENTAL 


Reagents— 

1. LN NaOCl in 0.1 N NaOH. 88 gm. of NaOH are dissolved in about 
1500 ml. of water; the solution is cooled in an ice bath, and, with vigorous 
stirring, chlorine gas is bubbled through the solution until 71 gm. of chlo- 
rine have been added. ‘The solution is then made up to 2 liters (5). 

The concentration of NaOH should lie between 0.08 N and 0.12 x. It 
may be determined by adding 5.0 ml. of water and about 5 drops of 30 
per cent hydrogen peroxide to a 1.0 ml. aliquot of the NaOCl solution, 


* The opinions or conelusions contained in this report are those of the authors. 
They are not to be construed as necessarily reflecting the views or the endorsement 
of the Navy Department. 
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followed by titration with phenol red or another suitable indicator. The 
destruction of the NaOCl is complete when further addition of peroxide 
liberates no more oxygen bubbles. 

2. 0.05 M sulfite and 0.40 mM phosphate. 100 ml. of 0.50 M sodium sulfite 
(12.6 gm. of NasSO;-7H2O per 100 ml.), and 200 ml. of 2.0 mM sodium dj. 
hydrogen phosphate (27.6 gm. of Nall,.PO,-H2,O per 100 ml.) per liter. 
Fresh solution must be prepared every 10 days and the curve standardized. 

3. 6 M sodium formate solution. 408 gm. of HCOONa per liter. 

4. 3M HyPO;. 269 ml. of 85 per cent H;,PO, per liter. 

5. Ammonium molybdate solution. 10.0 gm. of (NH 4)¢MorO.,-4H,0 
per 100 ml. 

6. 10 N sulfuric acid. 272 ml. of concentrated H2SO, per liter. 

7. 2.N hydrazine. 32.5 gm. of NoH4-H.SO, are dissolved with the aid 
of 50 ml. of 5 N NaOH and made to 500 ml. 

8. 1 m bromide-bromate solution. 90 ml. of 1m KBr (119 gm. of KBr 
per liter) and 10 ml. of 1 m NaBrOs (15.1 gm. of NaBrO, per 100 ml.). 

9. Petroleum ether, reagent grade, preferably with the boiling point 
above 60°. 

10. Potassium iodide solution. 5.0 gm. of KI per 100 ml. Store in 
eool, dark place. If a slight yellow color of free iodine appears, it should 
be discarded. 

11. 0.1 M potassium permanganate. 15.9 gm. of KMnQ, per liter. 

12. 10.0 mM citric acid. 1.053 gm. of Cel sO7-H-O and 50 ml. of 10 x 
H,SO, per 500 ml. 

13. 0.10 mm citric acid. 1.0 ml. of 10.0 mm citric acid and 1.0 ml. of 
10 N HeSO; made to 100 ml. 

Standardization Procedure—For the preparation of a standard curve 
any satisfactory photoelectric colorimeter may be used. ‘The curve is 
prepared as follows: In a 125 ml. separatory funnel are placed 5.0 ml. of 
20 N H2SO,, 4.0 ml. of 8 per cent trichloroacetic acid, and 3.0 ml. of a series 
of standard citric acid solutions, containing from 5.0 to 50.0 y of citric 
acid. The reagent blank is prepared in a similar manner except that water 
is substituted for the citrie acid. 

1 ml. of the 1 mM bromide-bromate solution followed by 2.0 ml. of 0.50 
M KKMnQ, is added at a very slow rate with continuous and vigorous agi- 
tation. The mixture is allowed to stand 10 minutes; then sufficient 2.0 
M hydrazine solution (about 1.0 ml.) to decolorize the solution completely 
is added slowly, and the sides of the funnel are washed with 1 to 2 ml. of 
distilled water. 15 ml. of petroleum ether are added; the funnel is tightly 
stoppered with a clean rubber stopper and shaken vigorously for 5 minutes, 
preferably on an automatic shaker. After the extraction is completed, 
the pressure is released, the layers allowed to separate, and the aqueous 
phase is drawn off and discarded. The petroleum ether and the funnel 
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are washed four times with water, the stream of water from the wash bottle 
being directed first forcibly into the petroleum ether solution, then around 
the sides and top of the funnel. Water redistilled from an all-glass still 
is used for the washings. ‘The extract is transferred to a clean separatory 
funnel, and the first funnel is rinsed with three small portions of petroleum 
ether. The extract is then washed twice more with water. Sufficient 
time is allowed after the last wash for complete separation of the aqueous 
layer which is then completely removed. 

To the separatory funnel are added exactly 15 ml. of the sulfite-phosphate 
solution, as used by Goldberg and Bernheim (3). The funnel is tightly 
stoppered with a clean rubber stopper, and the mixture is vigorously shaken 
for5 minutes. Atter separation of the layers, exactly a 10 ml. aliquot of the 
sulfite-phosphate solution is carefully transferred to a 25 ml. volumetric 
flask and the neck of the flask is rinsed with a few drops of water. The 
flask is heated in a boiling water bath for about 5 minutes, and exactly 
2 ml. of the hypochlorite solution are added. The sides of the flask are 
rinsed carefully with two small portions (less than 1.0 ml.) of water, the 
contents are mixed, and the heating is continued for exactly 4 minutes 
from the time of the hypochlorite addition. Then 1.0 ml. of 6 mM formate 
is added; the flask is removed from the bath and the contents carefully 
shaken. ‘The flask is then rotated so that the hot formate solution comes 
in contact with the inner wall of the neck, and the solution is cooled to 
room temperature. 1 drop of ammonium molybdate solution is added 
to the flask and the sides of the flask are rinsed with 5.0 ml. of 3 m phos- 
phoric acid. ‘The contents are mixed, and 1.0 ml. of the potassium iodide 
solution is added. The contents are made to a 25 ml. volume, mixed, 
and transferred to a colorimeter tube. ‘The developed color is determined 
10 to 15 minutes after the iodide addition; in this investigation an Evelyn 
colorimeter was employed with the 400 mau filter and with a blank prepared 
in the same manner as the sample. 

Determination of Citric Acid in Blood—TVo 4.0 ml. of 10 per cent trichloro- 
acetic acid in a centrifuge tube is added 1.0 ml. of fresh immediately drawn 
whole blood (oxalated or heparinized), or 1.0 ml. of plasma. The contents 
are vigorously shaken and allowed to stand 10 minutes. <A 4.0 ml. aliquot 
of the clear centrifuged supernatant, representing 0.8 ml. of whole blood 
or plasma, is transferred to a 125 ml. separatory funnel. To this are added 
5.0 ml. of 20 N sulfurie acid and 3.0 ml. of water. The solution is cooled 
to room temperature and the citric acid is determined as described above 
for standard solutions. 


Results 


In Fig. | is shown the standard curve obtained with pure citrie acid 
solutions. A straight line is obtained by the plot of the LZ value (2 — log G) 
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against the concentration. Duplicates agree within +3 per cent. Jy 
Fig. 2 is shown the standard curve obtained with bromide solutions. Thi 
curve shows that the plot of optical density against concentration dog 
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Photometric density,2-log G (400 filter) 
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kie. 1. Standard curve for pure citric acid solutions 
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Photometric density, 2-log G (400 filter) 


0 20.58 16 6174 82 32 


Micrograms sodium bromide 


ic. 2. Standard curve for bromide solutions 


not give a straight line with the instrument used. The straight line ob- 
tained with citric acid is fortuitous and probably depends on the known 
higher yield of the bromoacetone derivative with higher citrie acid concen- 
trations. 


t! 


| 
| bl 
bi 
| 

— | 
al 
| (1 

h 
| gi 
a 
lon 
ti 
a 
| a 
020} 
| n 
a 
a 
| 
Ct 


his 


G. H. WOLCOTT AND P. D. BOYER 733 


The values for citric acid in normal human blood are shown in Table I. 
Twenty-three normal and fasting whole blood samples were analyzed and 
the results range from 1.33 to 2.28 mg. of citric acid per 100 ml. of whole 
blood. Values are also presented for normal citric acid content of plasma, 
ranging from 1.60 to 2.66 mg. per 100 ml. of plasma.? 

The partition of citric acid between plasma and cells, calculated on the 
basis of the hematocrit, shows a relative constancy, ranging from 64 to 
82 per cent in plasma, with a mean of 76 per cent, and from 36 to 18 per 
cent in the cells (Table I). 

The recovery of citric acid added to blood ranges from 97 to 102 per 
cent (Table I1). 


DISCUSSION 


Interfering Substances—Low results are obtained in the presence of large 
amounts of glucose. Excessive amounts will be detected by an increased 
destruction of permanganate. ‘The effect of large amounts of glucose 
(1.e.,600 mg. per cent or more) can be readily eliminated by the modification 
of Goldberg and Bernheim (3). With normal blood glucose levels no 
special precautions are necessary. | 

Acetone bodies have been noted to interfere in similar methods by causing 
high results. If samples are known to contain acetone or acetoacetic acid 
(7), a 4.0 ml. trichloroacetic acid aliquot is boiled with 10.0 ml. of 10 Nn 
sulfuric acid until the volume is 10.0 ml. or less. The resultant volume is 
adjusted to 10 ml. with water and is quantitatively transferred to a separa- 
tory funnel with the aid of two 1.0 ml. water rinses. <A preliminary bromi- 
nation is carried out to eliminate ether-soluble brominated derivatives by 
the addition of 1 ml. of a bromide-bromate solution (50 ml. of a 1 m po- 
tassium bromide and 10.0 ml. of 1 mM sodium bromate). The sample is 
allowed to stand for 30 minutes and then extracted with three 10.0 ml. 
aliquots of carbon tetrachloride. The carbon tetrachloride layer is drawn 
off and discarded, thus eliminating free bromine and ether-soluble bromi- 
nated compounds. ‘The citric acid determination is then carried out in 
the usual manner. 

Formation of Bromoacctone Derivative from Citric Actd—The oxidation 
and bromination are made essentially as previously described (2,3). The 
step involving addition of potassium permanganate is the most likely 
source of error, and slow addition of the permanganate is essential. The 
amount of bromine recovered as the bromoacetone derivative can be readily 
modified by variations in these conditions. 

1 Natelson ef al. (6) reported a method for the determination of citric acid after 
this manuscript was submitted for publication. The level of citrate in the red blood 
cells indicated by their results is somewhat lower than that reported herein. 
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(Citric Acid Values in Normal Blood and Plasma 


Citric acid 


calculated 
Subject Cell volume | — 
Whole blood Plasma. | Plasma | Cells 
pres | | | | 

F. G. 2.25 | | 

R. W. 2.28 | 
GW. 2.05 

1.8] 

R. L. 2. 26 | 

2.11 

Gy. | 1.94 | 

G. W. | 1.96 | 

P.M | 

W. | 

M. 2.13 

1.75 

M. 413 1.63 2.25 79 9 
R. F. 37 1.33 1.73 0.65 x2 | 18 
2.19 1.00 76 
R. F. 4] 1.88 249 | 1.0 78 | 22 
W. G. 14 1.98 
R. F. 8 1.38 1.63 i 27 
L. G. 14 1.40 64 36 
L. W. 42 | 0.95 
1.41 | 2.00 0.74 


II 
Recovery of Citric Actd Added to Human Blood 


| Citric acid present Total citric acid 


Per cent distribution, 


Subject in 1.0 ml. whole | | 

| blood® Theoretical | Analytical | 

me. | me. meg. | 

G. W. 0.0164 | 0.0874 0.0370 | 
R. W. 3.0182 | 0392 

F.S. O145 0.0355 0.0349 
R. L. 0.0181 0.0391 0.0394 
G. W. 0.0157 0.0367 0.0371 


* 0.0210 mg. of citric acid standard added in each case. 


Per cent recovery 


Adequacy of Petroleum Ether Extraction Repeated extractions of the 
reaction medium with petroleum ether are unnecessary. 


A 2 minute 
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period of vigorous shaking was found to extract completely all the bromo- 
acetone derivative present. 5 minutes of shaking were used to insure 
complete extraction. 

Washing of Petroleum Ether Solution and Funnel—The reaction mixture 
for the formation of the bromoacetone derivative contains high concen- 
trations of bromide. Since the final color test is a measure of the small 
amount of bromine present as the bromoacetone derivative, very careful 
washing of the separatory funnels and of the extracts is necessary. 
Bromide is very sparingly soluble in petroleum ether, and contamination 
is most likely to come from inadequate washing of the funnel. If the 
washing is satisfactory, a blank carried through the entire procedure will 
show no more color than a blank for the hypochlorite oxidation only. 

Adequacy of Sulfite Extractton—Although a maximum amount of bromide 
from the pentabromoacetone is transferred to the sulfite solution by 5 
minutes extraction, some of the bromine in the aqueous phase may still 
be in organic combination. This is indicated, since the sulfite extract 
gave slightly higher results if given a preliminary heating before the hypo- 
chlorite addition. Hence samples were routinely placed in the boiling 
water bath about 5 minutes before the hypochlorite addition. 

Oxidation of Lromide to Bromate—Comparative tests showed that all 
the bromide is oxidized to bromate under the given experimental conditions 
within 2 minutes at the temperature of the boiling water bath. The heating 
period was extended to 4 minutes to insure complete oxidation. 

Equivalent quantities of bromide added before heating with hypochlorite 
or of bromate added after heating with hypochlorite yielded exactly the 
same amount of color. The amount of hypochlorite added is sufficient 
to oxidize all the sulfite and to leave an excess for oxidation of the bromide. 
The oxidation by hypochlorite is interfered with by glycerol and possibly 
by fairly large quantities of other similar substances. This interference 
was noted when glycerol was used to seal the stoppers of the separatory 
funnels during extractions. 

Reduction of Hypochlorite with Formate—The decomposition of the excess 
hypochlorite by the formate takes place very rapidly at 90-100°, but much 
more slowly at room temperature. Thus it is necessary to add the formate 
before cooling the samples. 

Conditions for Color Developmeni—lIt was desired to find conditions under 
which the iodine liberated by reaction with the bromate could be used for 
the colorimetric measurement. ‘The colorimetric measurement is preferable 
to the titrimetric technique, since it is faster, more sensitive, and precise 
for the small concentrations of iodine involved. Under conditions cus- 
tomarily used in titrimetric procedures, continued liberation of iodine from 
the excess of iodide proceeds at a rate far too rapid for satisfactory colori- 
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metric measurement. It was found that at a higher pH and with the 
addition of molybdate as a catalyst the liberation of iodine reached a 
plateau within 10 minutes, after which subsequent color increase was very 
slow. ‘Thus a precise colorimetric estimation is possible. Close regulation 
of the pH is necessary. In the above procedure regulation of the pH js 
accomplished by the use of sodium dihydrogen phosphate in the sulfite 
extraction medium together with the phosphoric acid just before the color 
development to form a buffer of an appropriate pH. 

Both sulfite and hypochlorite will interfere in the color development, 
sulfite by reducing the liberated iodine, and hypochlorite by liberating 
iodine from the excess iodide. ‘Thus it is important that all the sulfite be 
oxidized by the hypochlorite and that the hypochlorite be completely 
reduced by the formate. 


SUMMARY 


1. A colorimetric method has been described for the determination of 5 
to 50 y of citric acid in whole blood and plasma. 

2. The method is a modification of previous methods based on the con- 
version of citric acid into a bromoacetone derivative, together with a new 
procedure for the microcolorimetric determination of the amount of bro- 
mine present as the bromoacetone derivative. 


We gratefully acknowledge the valuable assistance of Mr. 8S. E. Lenz. 
The work was initiated at the suggestion of Dr. Eugene Lozner. Also it is 
a pleasure to acknowledge the valuable contribution of Miss Sonia Lemish 
to early phases of the work. 


BIBLIOGRAPHY 


1. Stahre, L., Z. anal. Chem., 36, 195 (1897). 

2. Pucher, G. W., J. Biol. Chem., 153, 133 (1944). 

3. Goldberg, A. S., and Bernheim, A. R., J. Biol. Chem., 166, 33 (1944). 

4. Taussky, H. H., and Shorr, E., J. Biol. Chem., 169, 103 (1947). 

5. Kolthoff, I. M., and Yutzy, H., nd. and Eng. Chem., Anal. Ed., 9, 75 (1937). 

6. Natelson, S., 5. Pincus, J. B., J. Biol. Chem., 170, 597 (1947). 
73 Pucher, G. W. , Sherman, C. C. ,and Vickery, H. B., J. Biol. Chem., 113, 235 (1936). 


| ] 
| 
| 
¢ 
I 
1 
| 
U 
t] 
t] 
0) 
a 
\ 
| 


INFLUENCE OF INSULIN PREPARATIONS ON GLYCOGENO.- 
LYSIS IN LIVER SLICES* 


By LARL W. SUTHERLAND anv CARL F. CORI 


(From the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis) 


(Received for publication, July 28, 1947) 


Shipley and Hiimel (1) have shown that addition of insulin to rat liver 
slices with high glycogen content incubated in serum causes an increase 
in sugar Output when compared with liver slices incubated without insulin. 
Although this observation has been confirmed, it has been found that the 
glycogenolytic action is not related to the ability of insulin preparations 
to produce hypoglycemia when injected into the intact animal. This 
follows from the fact that the hypoglycemic action of insulin preparations 
can be destroyed by treatment with cysteine or with alkali without destroy- 
ing the glycogenolytic effect. Furthermore, a Danish insulin preparation, 
which caused hypoglycemia when injected into animals, had no glycogeno- 
lytic action on liver slices. 

The experiments reported in this paper show that liver slices incubated 
in vitro represent a sensitive and reproducible test system for a glycogenoly- 
tic factor which is present in highly purified amorphous as well as in crystal- 
line zine insulin preparations. 


Methods 


Well fed rats or rabbits were bled under ether or pentobarbital anesthesia 
and part of the liver was rapidly excised and placed in cold isotonic solutions 
of sodium chloride or potassium chloride. After several minutes of chill- 
ing,’ a section of the liver was placed and held firmly between cold ground 
glass surfaces. Slices were prepared from such sections, and the slice 
thickness was estimated by watching the razor blade as it sliced through 
the upper portion of the liver section in contact with the ground glass 
surface. ‘The slices in any one experiment were from the same section 
of the liver and were matched as closely as possible. The individual slice, 
approximately | em. in length and width, was weighed on a torsion balance. 
Most slices weighed in the neighborhood of 70 mg.; thinner slices of 40 to 
0) mg. and thicker slices of approximately 130 mg. weight were also used 


* This work was supported by a Rockefeller Foundation postwar assistantship to 
E. 8. and by a research grant from Eli Lilly and Company. 

' The liver may be allowed to stand in cold saline for some time before slicing, but 
should not be kept at room temperature longer than is necessary. 
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successfully. In most cases one slice was incubated in a Warburg vessel 
containing 1.6 ec. of fluid shaken at the rate of 110 oscillations per minute 
Both aerobic and anaerobic experiments were carried out. Ineubation 
temperature was 37° in all cases. In most experiments the final insulip 
concentration was approximately 0.03 mg. per eec- 

Several buffers were used, but usually an isotonic chloride-phosphate 
solution with sodium or potassium cations was employed. The glucose 
output from the slices was measured by determining glucose in the medium 
after deproteinizing an aliquot with barium hydroxide and zine sulfate. 
The Nelson method (2) was used for the sugar determinations. Glycogen 
was determined by the method of Good, Kramer, and Somogyi (3), the 
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Fic. 1. Time curve of glycogenolytic effect of insulin in slices of rat liver. Slices 
were incubated in test-tubes containing 11.0 cc. of NaCl-K2HPO, buffer, pH 7.5. 0: 
was constantly passed through the buffer and aliquots of media were taken for 
analysis at times indicated. The insulin concentration was 0.055 mg. per ce. 


glucose in the acid hydrolysate being determined by the Nelson method. 
Phosphate was determined by the method of Fiske and Subbarow (4). Pro- 
tein was determined by the biuret method of Weichselbaum (5). 
Glucose Output from Liver Slices of Different Species ~-Rat liver slices 
incubated aerobically were used in preliminary experiments. With these 


>The insulin used in the present investigation was of three types: Insulin A, 
crystalline zine insulin supplied by Eli Lilly and Company; insulin B, « highly pun: 
fied amorphous preparation (20 units per mg.) supplied by Eli Lilly and Company, 
and insulin (', crystalline zine insulin prepared by Novo Terapeutisk Laboratorium, 
Denmark. For brevity’s sake, unless otherwise specified, the term “‘insulin’’ refers 
to insulin A or B, both of which contain the glycogenolytic factor. 
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an increased sugar output can be seen regularly in the presence of insulin 
if a time curve is made. An example is shown in Fig. |; it emphasizes the 
importance of choosing the optimal time for sampling, because with time the 
sugar output of the control slices may reach that of the slices incubated 
with insulin. In twenty-two comparisons with slices from nine rats, the 
average increase in the glucose output with insulin was 31 per cent. Two 
of these comparisons showed an equal glucose output with and without 
insulin; none showed decreased output with insulin. Shipley and Hiimel 
observed a doubling of the sugar output after 2 hours of incubation with 
insulin but it should be noted that they incubated the slices in serum and 
not in phosphate buffer. 

The glvcogenolytic effeet of insulin on rabbit liver slices is more marked 
than on rat liver slices and can be demonstrated after short as well as after 


Taber 
Effect of Insulin on Glucose Output from Rabbit and Rat Liver Slices 


The results are expressed in per cent increase in glucose out put on comparing con- 
trol slices with slices incubated with insulin. The amount of insulin added was 
0.006 to 0.0S mg. per ec., usually 0.03 mg. per ec. 


No. of experiments Increase with insulin 


| Aerobic Anaerobic | Range Average 
Rabbit | { 2 | 20- 50 33 
5 17 | 50-150 | 105 
5 5 1504100 262 
Rat | 17 O- 50 | 19 
5 50-100 72 


long incubation periods. In tourteen aerobic and twenty-four anaerobic 
experiments, insulin increased the glucose output in each case, on an average 
of 135 per cent. ‘The slices were prepared trom the livers of twenty-three 
rabbits. For some of the anaerobic experiments commercial nitrogen was 
used without further purification. Sinee there was still some O, consump- 
tion present, nitrogen purified by passage over heated copper was used in 
later experiments. Table I summarizes the experiments on the effect of 
insulin on the glucose output from rabbit and rat liver slices. 

One aerobic experiment with cat liver slices gave an increased output of 
glucose in the insulin sample amounting to over 200 per cent and in one 
aerobic experiment with pigeon liver slices the increase was 170 per cent. 
Subsequent experiments were carried out with rabbit liver slices. 

Relation to Glycogen Breakdown —Glycogen analysis showed that the in- 
creased glucose production with insulin was accompanied by an increased 
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rate of glycogen breakdown in the slices. In Table II it may be seen that 
approximately 60 per cent of the glycogen which disappeared was found ag 
glucose in the fluid in which the slices were shaken. ‘The loss of carbohy- 
drate by oxidation and lactic acid formation was not taken into account. 
Buffers—The glycogenolytic effect of insulin was observed in all buffers 
employed. These included (1) isotonic chloride-phosphate buffers with 
cation all sodium, all potassium, or a mixture of both, (2) chloride-phos. 
phate buffers plus bicarbonate, (3) mammalian Ringer’s solution plus 
phosphate, and (4) Krebs’ phosphate buffer (with no calcium added). The 
pH range was from 7.2 to 7.6. In two experiments a glycogenolytic effect 


Tasie Il 
Relation of Glycogen Disappearance to Gluccse Output 
Single slices from the same section of a rabbit liver were incubated aerobically 
for 60 or 110 minutes. Insulin concentration was 0.05 mg. peree. After incubation, 
an aliquot of the medium was taken for glucose analysis; the remainder, including 
the slice, was heated with 30 per cent NaOH for glycogen analysis. In the case of 
givcogen analysis, the glucose output was calculated from the difference in glycogen 
content before and after incubation. 


Additions Time of ‘acubation lucose output per) gm. liver minus Method of analysis 
| control 
j 
min. me. | me. 

None 60 9.1 Glucose 
Insulin 60 12.1 3.0 se 
None 60 15.7 Glycogen 
Insulin 60 21.4 §.7 
None 110 18.3 Glucose 
Insulin 110 24.1 5.8 se 
None 110 28.8 Glycogen 
Insulin 110 39.8 | 11.0 | ae 


of insulin was obtained at pH 6.4, although it was somewhat less than the 
effect seen in duplicate experiments at pH 7.4. 

Effect of Cell Disruption—Homogenization of the liver caused disappear- 
ance of the glycogenolytic effect of insulin. ‘Twenty animals were used in 
homogenization experiments, including cats, rabbits, rats, and one pigeon. 
Variation of media, degree of homogenization, and centrifugation were 
tried, but with one exception resulted in negative experiments. Freezing 
the tissue, either before or after slicing, had relatively little effect on the 
glucose output without insulin, but caused a disappearance of the acceler- 
ating effect of insulin on glycogenolysis. An example is shown in Table HI. 

Anaerobiosis—-The glycogenolytic effect of insulin on rabbit liver slices 
can be demonstrated under strictly anaerobic conditions (Table ITV). In 
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Experiment 1, where the glycogenolytic effect of insulin is compared under 
anaerobic and aerobic conditions, it may be seen that the effect is only half 
as great in the former as in the latter case. In I-xperiment 2 it is shown 
that the glvcogenolytic effect of insulin is less after 5 minutes of preliminary 


TasLe II] 
Liffect of Insulin on Liver Slices Previously Frozen 
Liver slices were frozen at —20° and a few minutes later were thawed and com- 
pared with unfrozen slices from the same rabbit liver. The time of incubation was 
45 minutes. 


Glucose output per gm.'Glucose output per gm. 
Additions | Experimental condition: | 
| még. 
None | | 1.4 
Insulin , | 5.4 4.0 
None Previously frozen | 2.4 
Insulin | “ “ | 2.9 0.5 


Taste IV 
effect of Insulin under Anacroine Conditions 
In Experiment I rabbit liver slices were incubated in air, or in nitrogen purified 
by passage over heated copper. Insulin was added from the side arm at the start 
of the incubation period. In Experiment 2 insulin was added from the side arm at 


0 time, after 5 and 20 minutes. The total period of incubation was 40 minutes in 
both experiments. 


Glucose out- Glucose out- 


control 
| me | meg. 

None Air | 
Insulin ts | 16.4 | 6.2 

None Nitrogen | 
Insulin sz, 11.5 | 3.1 

2 None | | §.1 

Insulin at O incubation time | 6.2 
‘* 5min. incubation time | 9.9 4.8 


anaerobic incubation of the liver slices and disappears almost completely 
after 20 minutes of preliminary anaerobic incubation. 

As shown in Table 1V, Experiment 1, less glucose is formed anaerobically 
than aerobically, even when no insulin is added. This confirms a similar 
observation made by Jeener (6), who made a detailed study of this phe- 
nomenon and concluded that there was a greater loss of adenylic acid in 
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liver slices under anaerobic than under aerobic conditions and that this 
would influence the rate of glycogenolysis, since adenylic acid activates 
phosphorylase. Accordingly, the effect of addition of adenylic acid to liver 
slices has been tried, but a clear cut effect on the rate of glycogenolysis or op 
the magnitude of the glycogenolytice effect of insulin could not be demon. 
strated during | hour of incubation. 

Point of Action-—Table V presents three experiments in which an at- 
tempt was made to localize the action of insulin on glycogenolysis. Ex. 


TABLE V 
Effect of Inorganic Phosphate and Glucose-1-Phosphate on Glucose Output in Rabbit 
Liver Slices 
In Experiment 1 the slices were incubated in bicarbonate buffer, in Experiments 
2 and 3 in saline phosphate buffer. 


Glucose out- Glucose output 


| mg my min. 
l | None 2.1 40 
| Insulin, 0.03 mg. | 3.2 1.2 40 
| None | 2.4 5 
Insulin, 0.03 mg. 20 55 
Phosphate, 0.06 cc. 0.1 2.2 | BO 
0.06 0.1 ** + insulin, 5.4 
0.03 mg. | | 
2 | None fee > | 15 
| Insulin, 0.06 mg. t.4 45 
Gluecose-1-PO,, 3.0 mg. 
0.06 mg. 
3 | None 4.7 60) 
Insulin, 0.05 mg. 5.2 60 
Glucose-1-phosphate, 40 mg. 30.4 
40 ** + 31.3 0.0 60 


sulin, 0.05 mg. 


periment | shows that addition of phosphate is necessary tor the full 
glycogenolytic effect of insulin, which points to an action on the phos- 
phorylase system. In Experiment 2, slices were incubated in a saline phos- 
phate buffer without or with the addition of glucose-l-phosphate. The 
slices were able to dephosphorylate glucose-1-phosphate in addition to the 
ester supplied from glycogen by phosphorylase activity. This indicates 
that phosphorylase, rather than phosphoglucomutase and phosphatase, is 
limiting the over-all rate of glucose formation from glycogen. The same 


3 Jt is assumed that the reactions involved in glucose formation are glyeogen + 
PO, — glucose-1-PO, — glucose-6-PO, —* glucose + PQ,. 
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result was obtained in Experiment 3, in which a high concentration of 
glucose-l-phosphate was added to a liver slice from a fasted rabbit.‘ In 
homogenates, as in slices, the phosphorylase activity was again found to 
be the limiting step for the rate of glucose formation from glycogen. In- 
sulin, as Shown in Table V, had no effect on dephosphorylation of glu- 
cose-1-phosphate. 

The glycogenolytic effect of insulin appears to be on the phosphorylase 
system and is dependent on an intact cell structure; this makes it difficult to 
‘nvestigate the mechanism of this insulin effect. 


Taste VI 
Absence of Glycogenolytic Effect of Other Proteins on Rabbit Liver Slices 
The time of incubation was 45 minutes. 


| Glucose output 
Experiment Additions per cc. Glucose output “her gm. liver 
_ pergm.iiver | minus control 


mg. | meg. mg. 
l None 2.4 
Insulin, 0.03 5.0 2. 
Dialyzed rabbit serum, 0.09 3.0 0.6 
0.09 + insulin, §.2 3.8 
O08 
2 None | 1.9 
Insulin, 0.06 | 9.0 7.1] 
Casein, 0.18 2.0 0.1 
3 None 2.4 
Insulin, 0.08 | 5.7 3.3 
Triose dehydrogenase, 0.03 2.3 —0.1 
Zein (suspension), 0.06 2.4 0.0 
Commercial hydrolysate wheat gluten, | 2.7 0.3 
0.06 | 
} None 2.6 
Insulin treated with alkali, 0.05 5.8 | 3.2 
Ribonuclease, 0.04 2.8 0.2 
” treated with alkali, 0.06 2.3 | —0.3 


Specificity ~\ number of proteins and other substances were added to the 
slices and their effect on the glucose output was measured. All additions 
lailed to reproduce the effect of insulin (Table VI). With dialyzed rabbit 
verum, a slight increase in the glucose output was noted. Insulin in the 
presence of serum appeared to have a larger glycogenolytic effect than in its 
absence. Other substances not included in Table VI which were tested 

‘When liver slices are incubated with glucose-l phosphate plus fluoride, a rapid 


synthesis of glycogen takes place within the slice (7). This shows that glucose-1- 
phosphate is able to diffuse into the liver cells. 
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with negative results were cysteine, cystine, adenylic acid, coenzyme I, 
riboflavin, nicotinamide, and folic acid. It would appear that the glyeo. 
genolytic effect of insulin preparations is rather specific. 

The next question was whether or not the glycogenolytic effeet was 
related to the hypoglycemic action of insulin. In Table VI, Experiment 4, 
it is shown that insulin inactivated by treatment with alkali still produced 
a glycogenolytic effect, while other proteins treated in the same manner 
had no effect on hepatic glycogenolysis. Further experiments are given jp 
the next section. 


VII 


Effect of Varying Amounts of Insulin before and after Treatment with Cysteine 
or Alkali 


Rabbit liver slices were incubated for 40 minutes. 


me. | mex. | me 
None 2.3 

Insulin, 0.0006 | 2.4 || 
2.8 
0.06 ae 3.3 
4 treated with cvsteine, 0.03 | 5.3 3.0 

2 None | 2.4 
Insulin, 0.006 | 4.6 2.2 
| 5.0 2.6 
se treated with cysteine, 0.03 | 6A 3.2 

3 None | 28 
Insulin, 0.003 | 4.5 1.7 
| 6.0 3.2 
ie treated with alkali, 0.003 4.5 1.7 


Glycogenolytic Effect of Inactivated Insulin— Insulin was treated with 
eysteine or alkali to the stage where no hypoglycemic action could be demon- 
strated in the intact animal. Cysteine inactivation was carried out in Thun- 
berg tubes for 2 to 20 hours with a cysteine to insulin ratio of 40:1 by 
weight. Excess cysteine was present at the end of the incubation time. 
Alkali-inactivated insulin usually was prepared by incubating insulin with 
0.08 n KOH for 3 hours at 36°. Four rabbits (two fasted and two fed) 
were injected intravenously with 1.6 to 2.0 mg. of the alkali-treated insulin. 
Blood sugars were determined for 3 hours after injection. In no case was 
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any hypoglycemia observed. 30 minutes after injection the average blood 
sugar level was 20 per cent above the level before injection. 

Table VII shows that the glycogenolytic effect of varying amounts of 
insulin before and after incubation with cysteine or alkali remained prac- 
tically the same. 

It has been shown previously that alkali-inactivated insulin loses its 
effectiveness in the hexokinase test system (8). The limiting reaction for 
the uptake of glucose by the isolated rat diaphragm (Gemmill (9)) is prob- 
ably the hexokinase reaction. In twenty-two experiments on rat dia- 
phragms 4 stimulation of glucose uptake could not be demonstrated with 
alkali-inactivated insulin, while stimulation was regularly observed with 
native insulin. 

Properties of Insulin Inactivated by Alkali—When insulin solutions after 
incubation in 0.08 n KOI were adjusted to pH 5.8 HCl, hydrogen sulfide 
was released and some protein was precipitated. The precipitate was 
removed and trichloroacetic acid was added to the clear supernatant fluid 
to give a final concentration of the acid of 5 per cent. A second precipitate 
formed which was removed and was found to be active in the glycogenolytic 
test. The filtrate was shaken with ether to remove the trichloroacetic 
acid. On the bas's of quantitative biuret determinations it contained about 
15 per cent of the alkali-treated insulin protein and per unit of protein was 
about one-half as active in the glycogenolytie test as the original insulin. 
The trichloroacetic acid filtrate of native insulin did not contain material 
giving the biuret reaction and did not accelerate glucose output in liver 
slices (Table VIII). 

When alkali-incubated insulin was neutralized and dialyzed in a cellophane 
sac for 24 hours at 5°, 2 to 3 per cent of the protein was recovered in the 
dialysate on the basis of biuret determinations. ‘The dialysate was about 
as active per unit of biuret reading as the undialyzed material. The 
dialysate of native insulin did not contain glycogenolytically active material 
(Table VIII). The change in the properties of the glycogenolytic factor 
after treatment with alkali (incomplete precipitation with trichloroacetic 
acid, partial diffusibility through a cellophane membrane) suggests that it 
ean be degraded by alkali to some extent without losing its activity. The 
glycogenolytic activity of insulin was lost after more rigorous treatment 
with alkali (40 minutes at 100° in 0.08 n KOH). The fact that the glyco- 
genolytic factor in alkali-treated insulin lost its activity on incubation with 
trypsin (Table IX) suggests that it is a protein or polypeptide. 

Experiments with Insulin C—It has been reported by deDuve, Hers, and 
Bouckaert (10) and by Olsen and Klein (11) that a Danish insulin in 
contrast to certain other commercial insulin preparations did not produce 
an initial hyperglycemia when injected intravenously into the intact animal. 
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A sample of this insulin, kindly supplied by Dr. Olsen, was tested for its 
glycogenolytic effect on liver slices. Since this preparation contained con- 
siderable amounts of preservative, dialyzed preparations were used in all 
but preliminary experiments. Dialyzed preparations of insulin A? were 
used as controls. The dialyzed sample of the Danish insulin, insulin C, 
while possessing hypoglycemic activity in the intact animal, did not accel- 
erate glycogenolysis in liver slices. Examples are given in Experiments 1 


Tasie VIII 
Properties of Products Formed by Treatment of Insulin with Alkali 


Rabbit liver slices were incubated for 45 minutes. In Experiment 1, insulin, or 
insulin pretreated with alkali, was precipitated with trichloroacetic acid and the 
filtrate, after removal of the trichloroacetic acid with ether, was added. In Exper- 
iment 2, a dialysate of alkali-treated or native insulin was added. 


Glucose output 


| 
Glucose o 
| me | weg. | mg. 
| None 
| Alkali-treated insulin-trichloroacetic acid 3.1 1.4 
filtrate, 0.014 
Alkali-treated insulin-trichloroacetic acid 1.2 2.5 
filtrate, 0.140 
| Native insulin-trichloroacetic acid filtrate 2.4 0.7 
(0.06 ec.)* | 
Insulin, 0.006 3.4 1.7 
0.06 1.7 3.0 
2 None 2.5 
Alkali-treated insulin dialysate, 0.006 6.0 2.3 
Native insulin dialysate (O12 ec )* 43.8 0.3 
Alkali-treated insulin, 0.03 2.3 
0.3 6.) 2.4 


* The volume in ce. was equivalent to that added to the liver slices in the exper- 
iment represented in the preceding line. 


and 2, Table X. Experiment 3 shows that insulin © does not prevent the 
glycogenolytic effect of added insulin A. 

When insulin C was incubated with 0.08 nN KOTT at 36° for 3 hours and 
for 16 hours, or with 0.1 N FIC1 for 16 hours, it did not acquire glycogeno- 
lytic properties (Table XI). 

It has been possible to demonstrate where the separation ot the glyco- 
genolytic component occurs in the process of the purification of insulin. 
Four insulin preparations (in solid form) were kindly supplied by Dr. 
Hallas-Moeller of the Novo laboratories. Experiments with these prepara- 
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tions are shown in Table XII. It may be seen that thé gly cogétiolytic 
activity is not lost when the amorphous insulin | is recrystallized by a 
modification of the Scott and Fisher method (12), but is completely lost 
when recrystallized by the method used by the makers of insulin C. 

In confirmation of these results it has been found that the glycogenolytic 


Effect of Crystalline Trypsin on Products of Alkali-Treated Insulin 
Rabbit liver slices were incubated for 45 minutes. 


Glucose output Glucose ou tput 


Additi , | rgm. liver 

itions perce | per gm. liver 

None | 1.5 
Alkali-treated insulin, 0.025 | 3.4 1.9 
0.025, after incubation with 1.6 | 0.1 
trypsin, 0.016 

Alkali-treated insulin, 0.025, plus trypsin* 0.016 © 3.8 2.3 


_ 


* In this case trypsin was added at the start of the incubation period of the liver 
slices. 


TABLE X 
Absence of Glycogenolytic Effect in Insulin C 
Rabbit liver slices were incubated for 45 minutes. 


Glucose output 


Additions per cc. | 

me. meg. me. 

l None 9.1 
Insulin C, 0.06 | 9.3 0.2 
— = 15.6 | 6.5 

2 None | 9.0 | 

Insulin C, 0.06 | 9.7 | 0.7 
| “A, 0.006 15.4 | 6.4 

3 None 7.4 
Insulin C, 0.035 plus insulin A, 0.03 13.9 6.5 


“A, 0.03 13.0 | 5.6 


activity of insulin A is not readily lost by isoelectric precipitations, or 
recrystallization from phosphate buffers. In one experiment with the Abel 
method (13) of purification, considerable separation was achieved. The 
Abel method was followed exactly until a few crystals had formed. These 
were removed and water was added dropwise to the heavily buffered solu- 
tion until a slight haze appeared. A partly amorphous, partly crystalline 
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Tarte XI 


Insulin C after Incubation with Alkali and Acid 


Rabbit liver slices were incubated for 40 minutes. 


Experiment 
N 


4 


Additions per 


mx 

None 

Insulin C, treated with KOH for 
3 hrs. at 36°, 0.06 

Insulin B, 0.05 

None 

Insulin C, treated with 0.0S ~ KOH for 
16 hrs. at 36°, 0.045 

Insulin C, treated with 0.1 ~ HC! for 16 
hrs. at 36°, 0.045 

Insulin B, 0.045 


—— 


TABLE NII 


Glucose output | lucose Output 


per gm. liver | per gm. liver 
minus control 


6.1 

6.0 
11.4 5.3 

6.6 
6.4 —0.3 
15.0 3 


Loss of Glycoge nolylic Activity an Lee crystallization of Insulin 


Rabbit liver slices were incubated for 45 minutes. 


Experiment 
N 


* All the results are the averages sol two ive slic 
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Additions per cc. 


insulinfrom makers of insulin 
C, about 15 units per mg., 0.06 

II. Crystalline insulin (reerystallized) pre- 
pared from I by modified method of 
Scott and Fisher, 0.06 


III. Crystalline insulin, prepared from I by 


makers of insulin C, 0.06 
IV. Reerystallized from II] by makers of 
insulin C, 0.06 


| Insulin B, 0.06 
None 


Insulin I, 0.06 


‘ITT, 0.06 
 B, 0.06 


(;lucose output 
per gm. liver 
minus control 


Glucose output 
per gm. liver 


me. me. 


§.7 

10.4 4.7 
9.3 3.6 
8.3 2.6 
9.2 —0.5 
10.0 4.3 

13.2 8.1 
11.0 5.9 
9.0 3.9 
§.2 0.1 
10.5 5.4 
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precipitate formed which had no glycogenolytic activity when tested in a 
concentration of 0.03 mg. of protein per cc. but had some activity when 
tested in a concentration of 0.13 mg. per ce. 


DISCUSSION 


The initial hyperglycemia which has been observed in intact animals 
after intravenous injection of various insulin preparations (14) and the gly- 
cogenolytic effect of insulin on isolated liver slices appear to be related 
phenomena. This follows from the fact that a Danish insulin? which fails 
to produce initial hyperglycemia in intact animals also fails to cause 
increased glycogenolysis in liver slices. 

There are a number of questions raised by the presence of a potent 
glyeogenolytic factor in highly purified insulin preparations which cannot 
be answered at the present time. One would like to know whether the 
factor, if originally present in the pancreas, has any physiological sig- 
nificance and whether previous experimental results, particularly those 
relating to the effect of insulin on liver glycogen in intact animals, were 
influenced by the presence of the glycogenolytic factor. Finally, the possi- 
ble effect of the glycogenolytic factor after intravenous injections of large 
doses of insulin in man should not be overlooked. 

The in vitro effects of insulin on the glucose uptake by the isolated dia- 
phragm and on the hexokinase reaction were shown to be abolished by 
treatment of insulin with alkali. This would indicate that they are caused 
by insulin itself. It remains to be seen whether this is true for other in 
vitro effects of insulin, for example those on respiration and on gluconeogen- 


esis. 


SUMMARY 

1. Highly purified amorphous as well as crystalline zine insulin prepara- 
tions contain a factor other than insulin which increases the rate of conver- 
sion of glycogen to glucose in isolated liver slices suspended in phosphate 
buffer. The average increase with rabbit liver slices was over 100 per cent, 
and 0.006 mg. of the above insulin preparations per ce. of medium gave a 
nearly maximal response. ‘The glycogenolytic effect of “‘insulin’’ could not 
be reproduced by other proteins, by a protein hydrolysate, or by a number 
of other substances. 

2. When the cell organization was disrupted by grinding or by freezing 
and thawing, or when the slices were kept anaerobically for 20 minutes at 
37°, “insulin”’ failed to exert a glycogenolytic effect. 

3. Phosphorylase activity was found to be the limiting step for the 
reaction, glycogen — glucose, in liver slices (and homogenates) which indi- 
cates that the glycogenolytic factor acts on the phosphorylase system. 
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4. Insulin treated with eysteine or alkali to a point when it no longer 
produced hypoglycemia in intact animals did not lose its glycogenolytic 
effect. In native insulin (but not in alkali-inactivated insulin) the glyeo- 
genolytic factor was completely precipitated by trichloroacetic acid and 
was not dialyzable; its destruction by trypsin suggests that it is a protein. 

5. A Danish insulin preparation was found to be free of the glycogenolytie 
factor when 0.06 mg. per ce. was added. ‘This was shown to be due to a 
special method of crystallization used by the manufacturers of this insulin. 
Isoelectric precipitation or recrystallization of crystalline zine insulin did 
not lead to a separation from the glycogenolytic factor, while purification 
by the method of Abel e/ al. was partially successful. 

6. It is concluded that the initial hyperglycemia which is observed jn 
intact animals after intravenous injection of certain insulin preparations is 
eaused by a glycogenolytic factor which acts directly on the liver. 
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BIOCHEMICAL TRANSFORMATIONS AS DETERMINED 
BY COMPETITIVE ANALOGUE-METABOLITE 
GROWTH [INHIBITIONS 


VI. RELATIONSHIP OF PURINES AND THYMINE TO FOLIC ACID 


By LORENE LANE ROGERS ann WILLIAM SHIVE 


(From the Biochemical Institute and the Chemistry Department, The University of 
Texas, and the Clayton Foundation for Research, Austin) 
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Snell and Mitchell (1) and Stokstad (2) have shown that thymine and 
purines are capable of promoting growth of Streptococcus faecalis R and 
Lactobacillus casei in the absence of an exogenous supply of folie acid. 
Stokes (3) was unable to detect folic acid in cells of such organisms after 
growth in a thymine- and purine-containing medium but did detect the 
presence of folic acid in cells after growth in a folic acid-containing medium. 
On the basis of these data and in view of the small concentration of folic 
acid necessary to replace the thymine requirement, Stokes suggested that 


folic acid functions as ‘‘a coenzyme for the enzyme system responsible for 
the synthesis or thymine (or more probably a thymine-like compound) 
which in turn is used by the bacteria to form nucleic acid.”’ 

Hitchings, Faleo, and Sherwood (4) pointed out that ‘‘this hypothesis is 
not an adequate explanation of the action of thymine” in view of their 
results with analogues of thymine. ‘The toxicity of some of the thymine 
analogues for Lactobacillus caset was prevented by increased concentrations 
of either folic acid or thymine; however, 5-nitrouracil inhibited growth 
stimulated by folic acid but not by thymine, while 5-bromouracil inhibited 
growth stimulated by thymine but not by folic acid. Hitchings e¢ al. 
(4) accordingly suggested that “the two nutrients act, in some fashion, as 


alternative rather than as two components of an anabolic system.”’ Hall 


(5) has also questioned the suggestion of Stokes (8) and, as the result of 
data showing synergistic growth-promoting effects of folic acid and thy- 
mine on Streptococcus faecalis R, has indicated that “it thus seems likely 
that the thymine may actually be a precursor of folic acid or that thymine 
is participating in some alternative metabolic path.”’ 

In the present investigation, a folic acid analogue which competitively 
prevents the functioning of folic acid in Lactobacillus casei has been em- 
ployed in order to determine the relationship of purines and thymine to 
folic acid. Application of the techniques of inhibition analysis gave results 
which indicate that folic acid functions as a coenzyme, or in the formation 
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of a coenzyme, necessary for the biosynthesis of purines and thymine o, 
their equivalents. 


EXPERIMENTAL 


Source of Materials—The folic acid used in these experiments was syn. 
thetic pteroylglutamic acid (folvite, folic acid powder) obtained from the 


| 
Comparison of Effects of Purines on Toxicity of Methylfolic Acid 
Test organism, Lactobacillus casei; incubated 72 hours at 37°. 


Galvanometer readingst 


| Without added thymine (30 per 10 
100 y per 10 cc. | y per 10 cc. | | 

None | 0 | 75.5 | 81.5 
| I | 79.0 | 80.5 
| 3 13.0 8.0 
Cruanine | 0 SU.5 | 90.0 
| 3 86.0 89.5 
| 10 5.0 86.0 
30 80.0 
100 12.0 
Adenine 90.0 OL.0 
3 | 86.5 90.0 
| 10 10.0 
| 30 3.0 | 84.5 
100 . | 20.0 
Xanthine | 0) | 91.0 | 91.0 
| 3 | 83.0 91.0 
10 | 5.0 
30 | 3.0 | $5.5 
| 100 20.0 
Hypoxanthine | 0) | | 91.0 
3 SS_5 91.0 
10 5.0 90.0 
30 3.0 S2.0) 


100 27.0 


* In the presence of 0.03 ¥ of folic acid per 10 ec. 
+ A measure of culture turbidity; an opaque object reads 100, distilled water 0. 


Lederle Laboratories Division, American Cyanamid Company. The folic 
acid antagonist, a methyl-substituted pteroylglutamic acid prepared 
from a,f-dibromobutyraldehyde by the folic acid synthesis previously 
described (6), was obtained through the courtesy of Dr. E. L. R. Stokstad. 
Competitive inhibition of the functioning of folie acid by this antagonist 
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has been previously demonstrated by Franklin, Stokstad, Belt, and Jukes 
(7). The antagonistic action of the other stereoisomer termed ‘‘methyl- 
folic acid’”’ has also been reported (8). The term methylfolic acid as used 
throughout this paper applies to the analogue of Franklin et al. (7). 
Testing Methods—The methods of biological testing have been previously 
described (9). The medium (9) was modified by the omission of folic 
acid, purines, and uracil and by the addition of 1 mg. of asparagine, 10 


Il 
Effect of Hypoxanthine on Toxicity of Methylfolic Acid 
Test organism, Lactobacillus casei; incubated 66 hours at 37°. 


} 
Galvanometer readings 


Without added hypoxan- | With added hypoxanthine 
thine | (100 + per 10 cc.) 
age per 10 ce. | y per 10 cc. | 

() | 0.0) | 81.0 | 88.5 
0.3 | 0.01 | 79.0 | 89.0 
1.0 0.01 | 3.5 85.5 
3.0 0.01 4.0 

0 | 0.1 | 85.5 | 89.5 

| 0.1 | 84.0 90.0 

3 | 0.1 | 6.0 90.0 

10 | 0.1 | 6.0 

() 0.3 82.0 90.5 

3 0.3 82.5 90.0 

10 0.3 | 4.0 77.0 
30 | 0.3 | 6.0 

0) 1.0 75.0 90.0 

10 1.0 70.5 90.5 
30 | 1,0 | 4.0 68.5 
100 | 1.0 | 5.0 

Antibacterial index. | 30 Ca. 100 Ca. 


y of pyridoxine hydrochloride, and 1 y of p-aminobenzoic acid per 10 cc. 
Culture tubes were inoculated with washed cells from actively growing 
cultures (16 to 24 hours old) of the test organism grown In yeast extract- 
peptone medium. ‘Time and temperature of incubation are given in Tables 
Ito ILL. 


Results 


As indicated in Table 1, thymine had no effect on the toxicity of methyl- 
folic acid for Lactobacillus casci in the absence of exogenous purines. Addi- 
tion of guanine, adenine, xanthine, or hypoxanthine to the medium neces- 
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situated an increased concentration of methylfolic acid in order to inhibit 
growth of the organism. In separate tests, this increase was never greater 
than 3-fold and often only about 2-fold. Hypoxanthine gave more con- 


Tasce 
Lffect of Thymine and Hypoxanthine on Toricity of Methylfolic Acid 
Test organism, Lactobacillus caset; incubated 60 hours at 37°. 


Galvanometer readings 


Methylfolic acid Folic acid | on. | With added With 
| versing agent | 
y per 10 ce. y per 1” cc. | | | 
0 | 0.03 | | 91.5 90.0 
1 | 0.03 | 91.5 
3 | 0.03 | 21.0 | 
10 | 0.03 3.0 
30 | 0.03 | | 12.0 
100 0.05 4.5 
0 _ 41.0 
3 | 92.5 
10 0.1 5.0 
30 | 0.1 71.5 
100 13.0 
300 9.0 
0 0.5 92.5 
3 0.3 
10 0.3 50 
30) 

100 
300 0.3 15.0 
0.3 10.0 
S000 29.0° 

0) 1.0 | S60 92.0 
10 1.0 S35 
30 | 1.0 1.0 28.5 
100 1.0 1.0 3.0 
300 1.0 25.0 
L000 1.0) 14.0 
3000 1.0 "5.0" 
Antibacterial index. 30 Ca. LOO Ca. Ca. 


*Some of the turbidity was due to precipitation, but slight growth was visible. 


sistent results than did the other purines. When one of the purines was 
added to the medium, the addition of thymine further prevented the toxi- 
city of the analogue; so that the concentration necessary to inhibit growth 
in this case increased about 10- to 30-fold. 
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The effect of hypoxanthine on the toxicity of methylfolic acid is shown 
in Table IT. From concentrations of 0.1 to 1.0 y per 10 ec. of folic acid, the 
ratio of analogue to metabolite Just necessary for maximum inhibition of 
growth (antibacterial index) was about 30 in the absence of added hypo- 
xanthine but increased to about 100 in the presence of added hypoxanthine. 
The ratio of methylfolic to folic acid just necessary to inhibit growth 
changed only 3-told on increasing the folic acid concentration from 0.01 
to0.1 y per 10 ce. ‘This deviation from the constant ratio usually obtained 
in other analogue-metabolite growth inhibitions may be explained by the 
assumption that enzyme saturation is not attained at such low concentra- 
tion levels. 

In Table [11], the effect of thymine on the toxicity of methylfolic acid 
after addition of hypoxanthine to the medium is shown. Though inactive 
ina medium containing no purines, thymine added to « medium containing 
purines prevented the toxic action of methylfolic acid over a 10-fold increase 
in concentration. ‘Thus, the antibacterial index was 30 in the absence of 
purines and thymine, 100 in the presence of purines, and approximately 
1000 in the presence of purines and thymine. In the last case, the growth 
of the organism Was not completely inhibited, particularly at higher con- 
centrations of folic acid. In separate tests, there were indications that 
methylfolic acid was capable of diminishing the growth only to a certain 
level; for example, to that corresponding to a turbidity reading of 15 to 
20. However, the inhibition of growth was sufficient to show that the point 
of maximum inhibition was dependent upon « ratio of methylfolie acid to 
folic acid of about 1000 to 3000 in all cases. 

In separate tests, inbibition of growth of Lactobacillus casei with methyl- 
folic acid in the medium containing no purines did not result in the aceumu- 
lation of the amine which is formed during sulfonamide inhibition of a 
number of bacteria (10) and which has been identified as 5(4)-amino-4(5)- 
imidazolecarboxamide (11). 


DISCUSSION 


The term product inhibition index has been defined as the molar ratio 
of analogue to metabolite at which the rate of synthesis of the product of 
the inhibited enzymatic reaction is the limiting process for growth and is 
reduced to such an extent as to prevent growth of the organism in a medium 
not containing this product (12). This term can also be extended to in- 
stances in Which the biosynthesis of a coenzyme is prevented by an analogue 
of a vitamin, and, as a result of reducing the rate of coenzyme synthesis, 
aun enzymatic reaction involving this coenzyme is deprived of its coenzyme 
because of a greater affinity of other apoenzymes for the same coenzyme. 
Thus, an exogenous supply of the product of such an enzymatic reaction 
would allow growth to take place at a lower rate of coenzyme synthesis. 
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Since the ratio of the analogue to the metabolite determines the rate of 
conversion of metabolite to coenzyme (13), addition of the product which 
allows growth to occur at a lower rate of synthesis will result in an increage 
in the ratio of analogue to metabolite necessary just to prevent growth. 

The competitive inhibition of folic acid by methylfolic acid could involve 
either a direct combination of methylfolic acid with an enzyme of which 
folic acid is a coenzyme or, more likely, a combination of methylfolie acid 
with an enzyme involved in the conversion of folic acid to a coenzyme. Ip 
either event, the term product inhibition index as outlined above can be 
upplied. Specifically, the purine inhibition index of Lactobacillus case; 
with regard to the inhibition by methylfolic acid may be interpreted to be 
approximately 30, the thymine inhibition index approximately 100, and 
the inhibition index of another product, as yet not investigated, 1000 to 
3000. ‘These inhibition indices are merely the ratio of analogue to metab- 
olite at which the biosyntheses of these products become the immediate 
limiting factors for growth. 

In the presence of both a purine and thymine, growth of Lactobacillus 
caset was reduced to a low level by the analogue, but complete inhibition of 
growth was oiten not attained. Such results could be explained by assum- 
ing that the analogue has some activity in promoting growth in the presence 
of thymine and purines. Similar results have been obtained with panto- 
thenic acid analogues (14). However, in view of the ability of Lactobacillus 
casei to grow in the absence of folic acid under these conditions, the possi- 
bility of a very slow rate of synthesis of folic acid seems likely, and folie acid 
synthesized by the organism may not be antagonized readily by the ana- 
logue. For example, the growth of yeast stimulated by 8-alanine was not 
untagonized by N-pantoyltaurine, while that stimulated by pantothenic 
acid was prevented by the analogue (15). 

Demonstration of the presence of folic acid in the cells of Lactobacillus 
casei grown in thymine and purines (3) would be exceedingly difficult, 
since the requirement for folic acid under these conditions probably would 
be only a small fraction of the requirement under the usual assay conditions 
with a medium not containing thymine. Furthermore, if folie acid is 
synthesized by the organism under these conditions, it may be converted 
to a coenzyme entirely different from that involved in purine or thymine 
synthesis and would thus escape detection. 

The synergistic action of thymine and folic acid in promoting growth 
(5), in a medium containing purines, is most readily explained by the spar- 
ing effect of suboptimal amounts of thymine on the quantity of folie acid 
necessary for growth of Streptococcus faecalis R, since exogenous thymine 
in such amounts would allow a decreased rate of thymine synthesis fok the 
same growth rate and a consequent decrease in the folic acid requirement. 
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The results of Hitchings et al. (4) with thymine analogues cannot be 
interpreted accurately in the absence of data indicating that these sub- 
stances are specifically competitive with thymine itself rather than with 
related metabolites. For example, in a medium containing purines, 5- 
nitrouracil, which prevented growth of Lactobacillus casez stimulated by 
folic acid, does not competitively inhibit the functioning of thymine as 
such, since growth stimulated by thymine was not prevented by the in- 
hibitor. ‘The results obtained with 5-bromouracil may be interpreted by 
assuming a competitive prevention of the conversion of thymine to « 
conjugated derivative which is the immediate product of folic acid func- 
tioning. In such a case, growth stimulated by folic acid would not be 
inhibited by the thymine analogue, since thymine as such may never be 
involved in the biosynthesis. However, another type of action known to 
occur with pantothenic acid analogues would offer sufficient explanation 
for the observations of Hitchings et al. (4). The metabolite when syn- 
thesized by the organism is not antagonized by all of the analogues which 
are effective when biosynthesis is not occurring in the cell. This type of 
phenomenon will be discussed in more detail in later papers. 

Although our results do not preclude the possibility that thymine may 
also function in the biosynthesis of folic acid, the most important action of 
thymine as well as of purines in preventing the toxic action of methylfolic 
acid appears to be that of supplying the product of an inhibited enzymatic 
reaction involving folic acid, since the effect of thymine as well as purines 
in preventing the toxicity of the analogue was not “diluted out” at ratios 
of inhibitor to metabolite involving high concentrations of folic acid (16). 

The inhibition of growth of Lactobacillus caset with sulfanilamide and 
its reversal with p-aminobenzoic acid and with purines (17) indicates that 
the functions of p-aminobenzoic acid in purine synthesis (10-12) probably 
are not carried out totally by folic acid, which is required by the organism 
and is not replaced by p-aminobenzoic acid under the testing conditions 
employed. 


SUMMARY 


The antibacterial index obtained with a folic acid analogue, methylfolic 
acid, Was approximately 30 for Lactobacillus casei in the absence of ex- 
ogenous purines and pyrimidines. Addition of adenine, guanine, hypo- 
xanthine, or xanthine to the growth medium resulted in an increased anti- 
bacterial index of approximately 100. Thymine alone had no effect on the 
toxicity of the analogue, but, in the presence of purines, the antibacterial 
index was increased to 1000 or slightly higher. These results indicate that 
folic acid functions in the biosynthesis of purines and thymine or their 
equivalents. 
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PHOSPHAPASHE ACTIVITY IN SUCKLING PIGS 
By GEORGE A. YOUNG, Jr, axp NORMAN R. UNDERDAHL 


(From the Hormel Institute,* University of Minnesota, Austin) 
(Received for publication, November 25, 1947) 


A previous pubheation (1) described a condition in young pigs which is 
characterized pathologically bw changes in the liver. Studies on the alka- 
line serum phosphatase activity of these pigs have indicated that there i- 
he correlation between the hepatic changes observed and the phosphatase 
qetivitv. Since a survey of the literature did not disclose a report on phos- 
phatase activity in suckling pigs, such studies were made on seven litters 
that appeared normal at birth. 


Methods 


Blood saurmples were taken trom 50 pigs at and 14 days of age and at 
weekly intervals thereatter until the pigs were 56 days old. All samples 
were obtamed from the anterior eava by of il <Vringe and needle. 
The samples were allowed to clot, placed at 4° overnight, and centrifuged. 
The serum was removed by decantation, 

Alkaline serum phosphatase activity was determined by the method of 
Bessev, Lowry, and Brock (2) with O.1 ml. of serum. By this test the 
amount of p-nitrophenol liberated by the action of the enzyme phosphatase 
upon the substrate p-nitrophenyl phosphate is measured. 1 mM unit is the 
degree of phosphatase activity whieh will liberate | mae of mtrophenol per 
liter of serum per hour, and is approximately equivalent to 1.8 Bodansky 


units, 


Results 


The results are summarized in Fig. 1, which shows a comparison of alka- 
line serum phosphiatise activity and the growth rate of suckling pigs. As 
indicated in big. 1. phosphatase activity is verv high in the new-born pig, 
but falls considerably by the Sth dav. Thereafter a gradual deeline in 
phosphatase activity occurs up to the 4th week, after which time the activ- 
itv is fairly constant. 

Of the seven litters studied, four consisted of apparently normal pigs as 
indieated by the average weaning weight of 32 pounds. The other three 
litters were less thrittv, as indicated by ther average weaning weight of 
only 20 pounds. Comparison of phosphatase activity in these two groups 


Publication Neo. 23 of the ilormel Institute, and Paper No. 2361. Seientifie Journal 
Series, Minnesota Agricultural Experiment Station. 
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showed no significant differences; therefore the data for all litters were 
lumped tor this report. Evidently the factors responsible for the unthrifty 
condition in these three litters were not related to phosphatase activity, 

The variations in individual phosphatase activity are not indicated jp 


30 


PHOSPHATASE ACTIVITY 


UNITS OF PHOSPHATASE ACTIVITY 


o——8 WEIGHT GAINS 


130 


7 14 


35 42 49 


TIME IN DAYS 


LHOIZM 


SONNOd NI 


Fic. 1. Comparison of alkaline serum phosphatase activity and rate of growth in 
suckling pigs. Phosphatase activity is indicated in mM units (1 mM of nitrophenol 
liberated from p-nitropheny! phosphate per liter of serum per hour). 


TABLE I 
Variation in Phosphatase Activity among Suckling Pigs 


Age at time of tests No. of samples 


days 
0 
5 | 49 
14 4s 
21 | 46 
28 | 47 
30 | 47 
42 | 47 
49 47 
db 47 


Mean, m 


hig. 1. 


per cent. 


indicating that great differences among individuals oceur at this time. 


Standard 
deviation, s 


mM units 


8.93 
2.78 
9.04 
5.73 


Coefficient of 


variation, 


per cent 


12.7 
25.2 
S77 
23.9 
35.4 
23.1 
34.4 
41.5 


Actually, considerable variation was encountered, as is shown by 
Table I, which gives the average phosphatase values, m, and the stan- 
dard deviations, s, in mM units, and the coefficients of variation, m/s, in 
The greatest variations occurred at the 14 and 21 day periods, 
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SUMMARY 


Alkaline serum phosphatase activity is reported for suckling pigs from 
0 to 56 days of age. Values were quite high at birth, a mean of 20.9 mm 
nitrophenol units, but were reduced approximately one-half by the 5th day. 
Phosphatase activity was shown to level off at about 28 days of age. 
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FACTORS AFFECTING THE AVAILABILITY OF LYSINE 
IN HEAT-PROCESSED CASEIN 


Br MORTON PADER,* DANIEL MELNICK,+t ann BERNARD L. OSER 
(From the Food Research Laboratories, Inc., Long Island City, and the Department of 
Chemistry, New York University, New York) 
(Received for publication, November 20, 1947) 


It has been demonstrated that the nutritive value of casein is consider- 
ably impaired by heating in the dry state at elevated temperatures (1, 2). 
Supplementation of the diet with lysine, however, effectively restores its 
nutritive quality. ‘The adverse effect of heating upon casein could not 
be attributed to destruction of its lysine content, since analysis of acid 
hydrolysates of heat-processed casein by chemical and enzymic procedures 
resulted in complete recoveries of this amino acid (3, 4). It has been 
postulated (3, 5) that in heating casein a peptide linkage is formed between 
the exmino group of lysine and a free carboxyl group of one of the dicar- 
boxylic acids, and that this complex is resistant to enzymic digestion. El- 
dred and Rodney (3) found decreased availability of the lysine in enzymic 
digests of heated casein, using the specific enzyme lysine decarboxylase 
for the analyses. 

The hypothesis of Melnick, Oser, and Weiss (6), bearing on the relation 
between the biological value of a protein and the rate of enzymic liberation 
of its amino acids, was based upon studies of the effects of heat processing 
on a variety of protein-containing materials. ‘These authors stated that 
“for optimum utilization cf food proteins all essential amino acids must 
not only be available for absorption but must also be liberated during 
digestion im vivo at rates permitting mutual supplementation.” Papers 
supporting this concept have recently appeared (7, 8). 

In the present study, zn vitro digestibility techniques and microbiological 
assays were employed to determine factors affecting the availability of 
lysine in heat-processed protein, with casein as a prototype. 


Methods 


Samples of casein' were heated in a drying oven at 150° for periods of 
1.4 and 5 hours. These preparations and the original sample were used 
throughout the current study. The lysine content of the proteins was 


* Submitted in partial fulfilment of the requirements for the degree of Master of 
Science at New York University. 

t Present address, Quartermaster Food and Container Institute for the Armed 
Forces, Chicago, Hlinois. 

'Obtained from the S. M. A. Corporation, Chagrin Falls, Ohio. 
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determined microbiologically (following acid hydrolysis) by the procedure 
of Stokes et al. (9), with Streptococcus faecalis R as the test organism. J 
values were calculated to the pure protein basis, 15.4 per cent n‘trogen. 
In order to evaluate the extent to which lysine could be libe: ted from 
casein for microbiological utilization, samples of casein (equivalent to 3.09 
gm. of protein) were incubated at 37° for 24 hours in 110 ml. of an 0.089 
N HCl solution containing 0.30 gm. of pepsin;? this was followed by in. 
cubation of the solution at pH 8.3 at the same temperature for an additional 
96 hours with 0.30 gm. of pancreatin.* The pepsin was inactivated by 
heating the test solution, at pH 7, in a boiling water bath prior to adding 
the pancreatin. The degree of hydrolysis of the resulting digests was 


TaBLe 
Lysine Content of Test Casein Samples 


Casein sample | Lysine found* 
| per ceni of 


* Determined microbiologically after complete acid hydrolysis; values calculated 
to the pure protein basis, 15.4 per cent nitrogen. 


determined by formol titration (6); the degree of liberation of lysine for 
microbiological utilization was estimated by the same assay procedure (9) 
employed in analyzing the acid digests, with the modification that the 
samples were not subjected to acid hydrolysis. Thus, the apparent lysine 
values included both the free amino acid and the amino acid in peptide 
combinations utilizable by the microorganism.‘ 

The in vitro procedure of Melnick et al. (6) for determining the suscep- 
tibility of proteins to enzymic digestion was modified to include measure- 
ment of the degree of hydrolysis after digestion of the proteins for 2 and 6 
hours, as well as after 1,2, and 5 days. Also, the available lysine content 
of the serial digests was determined microbiologically without removal of 
undigested protein.°® 

2 National formulary, Easton, 8th edition (1946). 

7 Pancreatin, 1:110. Obtained from the Pfanstiehl Chemical Company, Wauke- 
gan, Illinois. 

* In all microbiological assays for lysine involving preliminary enzymic digestion 
of the samples, corrections were made for microbiological stimulatory complexes 
derived from enzyme materials. 

®’ The quantity of trichloroacetic acid-precipitatable material was negligible after 
digestion of the protein for 1 day. 
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Results 
It is apparent from the data in Table I that lysine was not destroyed to 
any appreciable extent during the heating of the casein sample. 


Trance Il 


Enzymee Liberation of Lysine for Microbiological U tilization* 


Microbiologi- 


Degree of Lysine 

Casein sample hydrolysist ——— utilized§ 

per cent | fer cent per cent 
Unheated. 0.0 SO 
Heated 1.5 hrs. at 150° 51 5.9 75 
 OShrs. at 150 87 5.2 GX 


* Peptic digestion followed by pancreatic digestion (see the text). 

kstimated by formol titration. 

t In the final enzymic digest, caleulated to the original protein basis. 
§ Per cent of total lysine in casein samples. 
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Fic. 1. Rate of in vitro pancreatic hydrolysis of casein 
In Table II are presented the microbiologically available lysine values 
of the casein samples following maximal enzymic digestion (peptic and 
pancreatic). It is apparent that both the degree of protein hydrolysis and 
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the apparent lysine content were not greatly affected by subjecting the 
casein sample to the heat treatment. There is, however, a suggestion 
that extending the period of heating reduced the available lysine content 
to a small degree. 


Liberation of Microbiologically Available Lysine (Per cent) 


j Unheated Samp/e 

Heoted 1.5 hrs. of /50TC 

¢ Heoted 5 Ars. at /50°C 
20 

/ 

7 

0 20 40 60 80 100 120 


Diges fion Time (Hours) 


Fic. 2. Rate of in vitro pancreatic liberation of microbiologically available lysine 
from casein. 


In contrast to the above findings, striking differences in the susceptibility 
of the heated and unheated casein samples to tn nitro pancreatic digestion 
were noted.” The data plotted in Fig. | indicate that the heated protein 
sumples were digested at significantly slower rates than the unheated 
control sample, and that the rates of liberation of formol-titratable nitro- 
gen varied inversely with the processing time. The differences were of 

6 The use of suboptimal quantities of pancreatin permits the digestion to proceed 


for several days at 37°, thus retarding the liberation of the amino acids to reveal 
differences in the rate of digestibility (6). 
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greatest relative magnitude during the early phase of hydrolysis. The 
ultimate degree of digestion of both the heated and unheated products 
eventually approached the same value, in agreement with the results of 
the serial enzymic digestion experiments (see Table II). 

The differences in the rate of liberation of the available lysine from the 
easein samples was even more striking. Reference to Fig. 2 shows that 
microbiologically available lysine was liberated from the heat-treated 
protein by pancreatin at a much slower rate than from the unheated prod- 
uct. The curves relating liberation of available lysine to time are linear 
up toa point at which they form a platesu. The relative slopes of the linear 


Influence of Further Enzymic Hydrolysis of Partially Digested Casein Samples on 
Release of Amino Nitrogen and Microbiologically Available Lysine 


imi : S seri ‘mic 
Preliminary pancreatic digestion ubsequent serial enzymic 


digestion* 
lime cally available cally available 
hrs. : per cent per cent | per cent | per cent 
Unheated 24 30) 7.0 i7 | 6.7 
45 36 7.4 44 6.9 
120 | 13 47 6.1 
Heated 1.5 hrs. at a4 | 29 6.2 | 49 5.3 
150° iS 35 18 5.4 
120 i} 6.6 46 | 9.2 
Heated 5 hrs. at 24 20 2.4 45 t.4 
is 2.5 46 | 4.1 
120 4] 5.4 46 ! 4.4 


* Peptic digestion followed by pancreatic digestion (see the text). 
t Estimated by formol titration. 
t In the final enzymic digest caleuiated to the original protein basis. 


portions of the curves are as follows: 1, arbitrarily assigned to the control 
unheated sample; 0.66, casein heated 1.5 hours; and 0.25, sample heated 
5 hours. Thus, substances with lysine activity were released initially 
from the unheated protein at a rate 4 times as great as from the sample 
submitted to prolonged heating, and 1.5 times as rapidly as from the in- 
termediate preparation. 

Further peptic and pancreatic treatment of the 1, 2, and 5 day pan- 
creatic digests, already containing a major portion of the lysine in micro- 
biologically available form, yielded solutions with apparently lower lysine 
contents, despite increases in the degree of protein hydrolysis. These 
data are presented in Table IIT. 


n | 
4 
| 


76S AVAILABILITY OF LYSINE IN CASEIN 


DISCUSSION 


The data presented in this report indicate that in enzymic digests of 
casein the microbiologically available lysine contents are greater than thoge 
expected from the degree of protein hydrolysis effected. Undoubtedly. 
the test organism, Streptococcus faecalis R, is capable of utilizing lysing 
bound in peptide linkages. The factor of strepogenin stimulation (10) 
was eliminated in the current studies by permitting the test organism to 
grow in the assay medium for a period of 3 days prior to titrimetric evalua. 
tion. (The polypeptide strepogenin is known to stimulate the growth of 
microorganisms only during their initial growth phases. For this reason, 
assays for this factor are usually completed within the first 24 hours of 
incubation.) 

The differences in the content of microbiologically available lysine jn 
the final enzymic digests of heated and unheated casein are insufficien 
to account for the reduced biological value of the heated protein. The 
results of studies of the rate of liberation of lysine for microbiological 
utilization provide a plausible explanation for the impairment of the 
biological value. Thus, during the early periods of in vitro digestion, lysine 
is liberated from the more strenuously heated sample at a rate only one- 
fourth of that noted in the tests with the unheated casein. When the 
digestion is continued until maximal, constant values are obtained; the 
microbiologically available lysine content of the heated casein is fully 
three-fourths of that of the control sample. Since, for optimal utilization, 
the essential amino acids must be absorbed ¢n vive at rates permitting mu- 
tual supplementation (6-8), the rate of release of lysine from heat-processed 
casein is regarded as critical in determining the biological value. 

Data have been obtained in the current studies suggesting that lysine, 
in certain peptide combinations, is stimulatory for microbiological growth 
to a greater degree than the free amino acid itself. Thus, it will be noted 
that in the 5 day pancreatic digest of the control, unheated casein sample, 
an apparent value of 110 per cent of the theoretical (lvsine found after acid 
hydrolysis) was obtained (see Fig. 2). Furthermore, on extending the 
enzymic digestion of the samples, decreases in the microbiologically avail- 
able lysine content were noted despite increases in formol-titratable nitro- 
gen values’? (see Table IID). It is concluded that during the period ol 

7The one exception to this statement in the series of tests referred to was the 
digest which exhibited a marked increase in degree of protein hydrolysis on extending 
the hydrolysis. It is believed that in this case the release of more available Lysine 
effected a microbiological response sufficiently great to mask the loss of microbiologi- 
cal activity resulting from the hydrolysis of lysine peptide combinations originally 
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prolonged enzymic digestion the highly active lysine complexes were de- 
graded, aud so apparently lower lysine values were obtained. ‘The instability 
of the polypeptide strepogenin in aqueous solutions held under similar 
extended periods of storage, is known. 


SUMMARY 


1. An in vitro study was conducted to determine the factors responsible 
for the decreased availability of lysine in heat-processed protein, with 
casein as a prototype. 

2. Dry heating at 150° decreased the rate of in vitro pancreatic hydrolysis 
of casein appreciably, but did not significantly affect the ultimate degree 
to which the protein was hydrolyzed. 

3. The rate at which lysine was released from casein by pancreatic di- 
gestion, as measured by availability of the amino acid to Streptococcus 


faecalis RX, was decreased to a great extent by baking the protein. This 


treatment also decreased the ultimate degree to which it was possible to 
liberate Ivsine for microbiological utilization, though to a less significant 
degree. 

4. The most significant differences between the rates of pancreatic liber- 
ation of lysine from heated and unheated casein were noted in the early 
stages of protein hydrolysis. The magnitude of these differences was 
sufficient to explain the poor biological values noted by others on feeding 
heated casein to test animals. It is concluded that, in heated casein, the 
lysine is liberated at a rate too slow to allow effective supplementation of 
the other «amino acids absorbed carlier in the process of digestion. 

5. Streptococcus faecalis R utilizes lysine in certain peptide combinations 
more effectively than it does the free amino acid itself, 
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STUDIES ON INTERMEDIARY STEROID METABOLISM 


1. ISOLATION OF ANDROSTENE 3(3),17(@)-DIOL AND A°-ANDROSTENE- 
17(@)-TRIOL FOLLOWING THE INCUBATION OF 
DEHY DROISOANDROSTERONE WITH SURVIVING 
RABBIT LIVER SLICES 


By JOHN J. SCHNEIDER anp HAROLD L. MASON 


(From the Diviston of Biochemistry, Mayo Foundation, Rochester, Minnesota) 
(Received for publication, November 15, 1947) 


Until recently, most studies of steroid metabolism have centered about 
the isolation and characterization either of compounds normally found 
in the urine (1-7) or of those appearing as the result of the administration 
of known substances (8). These investigations have been supplemented 
by various studies of the steroid content of pathologic urine, particularly 
that obtained from patients with hyperactive adrenal cortical lesions 
(9-13). Since such patients often excrete large amounts of steroids, the 
task of isolation is considerably facilitated, and, in addition, the informa- 
tion obtained serves as a valuable diagnostic aid. Prominent among the 
ketosteroids excreted by patients with adrenocortical tumors is dehydro- 
isoandrosterone, which may appear in amounts of several hundred mg. 
daily. It is evident that this compound should hold considerable interest 
as a possible intermediate in steroid metabolism. 

In an investigation of the possible réle of dehydroisoandrosterone as an 
intermediate in the conversion of testosterone to androsterone in human 
subjects, Dorfman and Hamilton (14) noted a marked increase of the uri- 
nary androgen level following administration of this substance but did not 
isolate any products. Munson, Gallagher, and Koch (15) examined the 
urine of a woman who had been given dehydroisoandrosterone acetate 
parenterally. Since they were able to isolate dehydroisoandrosterone in 
an amount corresponding to 25 per cent of the conjugated neutral 17- 
ketosteroids, they concluded that the greater part of the administered: 
steroid was not metabolized further but was excreted unchanged. How- 
ever the other fractions were not investigated. Later, Mason and Kepler 
(16) demonstrated the excretion of significant amounts of androsterone, 
etiocholan-3(a@)-ol-17-one, and A®-androstene-3(8) , 17(@)-diol following the 
administration of dehydroisoundrosterone to patients whose normal keto- 
steroid excretion was very low. It is of interest to note in this connection 
that Miller and Dorfman (17) were able to isolate small amounts of de- 
hydroisoandrosterone from the urine of guinea pigs after the subcutaneous 
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injection of A®-androstene-3(8) ,17(a@)-diol and thus further established 
relationship between dehydroisoandrosterone and androstenediol, 

Asa means of obtaining additional information concerning the metabolic 
pathways involved, it appeared logical to investigate the fate of certain 
representative ketosteroids when incubated with various tissues. To 
date, in vitro studies of steroid metabolism have been limited almost en- 
tirely to those on the inactivation of testosterone (18-22), progesterone 
(23), and estrogens (24) by liver tissue. However, no attempts were made 
in these experiments to recover any of the metabolic products. More 
recently, Clark and WKochakian (25) isolated czs-testosterone and A‘ 
androstene-3 , 17-dione after the incubation of testosterone with rabbit liver 
slices. It is the purpose of this paper to describe the isolation and char- 
acterization of the metabolic products formed when delhydroisoandrosterone! 
was incubated with surviving rabbit liver slices under aerobic Conditions, 

Since the requirements of the enzyme systems involved in steroid syn- 
thesis or degradation are largely unknown, it seemed desirable in these 
initial experiments to simplify the system employed. Accordingly, neither 
glucose nor known cofactors were added. Further simplification was 
achieved by adding the steroid to the system in the form of the readily 
soluble sodium salt of its hemisuccinate, thus eliminating the necessity for 
employment of serum or other dispersing agents. Preliminary experiments 
had demonstrated that the rate of hydrolysis of this ester in liver is rapid 
and could not be a limiting factor. 


Methods 


Ineubation——Slices were prepared from well chilled rabbit livers which 
had been removed immediately after decapitation and bleeding of the ani- 
mal. These were collected in chilled, aerated Krebs and Iggleston’s 
phosphate saline buffer (26), washed twice with the same solution, drained 
and blotted free of buffer, weighed, and transferred to a 2 liter wide mouth 
bottle containing buffer and sodium dehydroisoandrosterone succinate. 
The latter was prepared by the addition of dilute sodium hydroxide to a 
suspension of the hemisuccinate in 1O mi. of water until solution was 
achieved; the solution was then added to the buffer. The bottle was sus- 
pended on its side in «a mechanical shaker that provided adequate to and 
fro agitation and which included a device for maintaining the temperature 
at 38-40°. In order to avoid undue fragmentation of the slices, oxygen 
was passed over, rather than into, the contents of the bottle. The rate 
of agitation, the depth of the liquid, and the flow of oxygen were so regu- 
lated as to provide ample oxygenation and free movement of the suspended 


The authors wish to thank Dr. Oppenheimer and Dro Ro Scholz, of Ciba 
Pharmaceutical Products, Ine., for a generous gift of dehvdroisoandrosterone. 
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slices. ‘The liver slices prepared for these experiments were of such a 
size and thickness that roughly one-half of them remained intact through 
the incubation period. 

Protein Precipitation and Extraction—At the end of the incubation period 

20 ml. of concentrated hydrochloric acid were added to the incubation 
bottle and the contents were then poured into 2 liters of cold, neutral 
acetone. The acid-acetone mixture effectively precipitated the proteins 
and assured the solution of whatever unhydrolyzed succinate may have 
been present. After the still intact slices and tissue débris had settled, the 
acetone solution was filtered with suction and then, in order, the tissue was 
ground thoroughly with sand, replaced on the filter, and repeatedly washed 
with ten 200 ml. portions of boiling neutral acetone. ‘The acetone solutions 
were combined and either concentrated immediately or placed in the cold 
forfuture attention. Since it was found difficult to neutralize acid-acetone 
solutions accurately, no attempt was made to neutralize the hydrochloric 
acid until after the acetone was removed under reduced pressure. In 
those experiments in which the steroid was incubated in portions, it was 
found advantageous to neutralize and combine the several aqueous residues 
as they appeared and to store the combined solutions in the cold until 
extracted. The further processing of these residues is outlined in the 
accompanying diagram. 
Ethylene dichloride appeared to be the solvent of choice for extraction 
of the aqueous residues, largely because it did not form emulsions even in 
alkaline solution. ‘The combined neutral aqueous residues were diluted with 
an equal volume of water and adjusted to pli 9 by addition of sodium ecar- 
bonate. Lhe “tree” steroid fraction was then obtained by extraction with 
ethylene dichloride. A “conjugated’”* steroid fraction was obtained by 
further extraction after acidification of the aqueous solution. 

Fractionation Procedure—-The petroleum ether fractionation, as shown in 
the diagram, served to concentrate the greater part of the products formed 
in the petroleum ether-insoluble phase, while at the same time it removed 
all but traces of cholesterol, fat, and colored materials. It was carried 
out by warming the dried “free”? steroid residue with 50 ml. of petroleum 
ether, and, after filtration, the insoluble fraction was washed with another 
portion of the solvent. The dried petroleum ether-insoluble fraction was 
usually white, crystalline, or partly crystalline, and usually accounted for 
from 75 to 80 per cent of the added steroid. This fractionation was not 


? It is to be expected that this procedure would not effectively recover any steroid 
conjugated with sulfuric or glucuronic acids. Accordingly, this fraction was com- 
posed largely of unhydrolyzed succinate. The results of Samuels and his associates 
(22) with testosterone indicate that little conjugation took place in the system that 
they employed. 
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applicable to the ‘‘conjugated”’ fraction, and has not been successful with 
either fraction in those cases in which compounds other than dehydro. 
isoandrosterone were incubated. Thus, no petroleum ether-insoluble 
fraction was obtained after the incubation of androsterone. 

As indicated in the diagram, the treatment of the “free” steroid fraction 
with Girard and Sandulesco’s Reagent T (27) was carried out after rather 


Fractionation Procedure 
Acetone extract 


Concentrate; dilute with 
water. « Adjust to pH 9; extract 
with ethylene dichloride 


Alkaline First ethylene 
aqueous dichloride extract 
residue (free steroid) 
Acidify; reextract with Petroleum ether 
ethylene dichloride fractionation 
Second ethylene Aqueous Petroleum ether; Petroleum 
dichloride extract residue soluble fraction ether; in- 
(conjugated steroid) (diseard) soluble 
fraction 
Alkaline Girard Girard 
hydrolysis separation separation 


Saponifiable Non-saponifiable Ketonic Non-ketonic Ketonie Non- 


fraction fraction fraction fraction traction _ ketonic 
(diseard) fraction 
Girard Alkaline 
separation hydrolysis 
Ketonic Non-ketonic Saponifiable Non-saponifiable 
fraction fraction fraction fraction 
(diseard) 


than before the petroleum ether fractionation. ‘This procedure was adopted 
because it was found more difficult to accomplish a clean cut separation 
when the entire ethylene dichloride extract was used. Since the greater 
part of the cholesterol, cholesterol esters, and fat was concentrated in the 
petroleum ether-soluble, non-ketonic moiety, this fraction was saponified 
and the non-saponifiable fraction was recovered and chromatographed. 
It was not possible to accomplish any separation by treatment of the crude 
“conjugated” fraction with Girard and Sandulesco’s Reagent T. It was 
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necessary to hydrolyze the entire fraction and then to examine the non- 
saponifiable portion tor ketonic materials. 

Chromatographic analysis was carried out on columns of aluminum oxide 
(Fisher’s alumina for chromatographic analysis, 80 to 200 mesh). The 
amount of alumina was 30 to 40 times the weight of the mixture to be 
examined. Redistilled analytic reagent carbon tetrachloride was used as 
the solvent for the ketonic fractions. The columns were developed and 
the compounds eluted by washing with appropriate mixtures of absolute 
alcohol and carbon tetrachloride as described by Callow and Callow (3). 
Redistilled thiophene-free benzene was used as the solvent for the non- 
ketonic fractions, and the columns were developed and the compounds 
eluted with mixtures of absolute alcohol and benzene. The last, most 
adherent non-ketonic fraction was removed by passing a 20:2:78 mixture, 
by volume, of pyridine, acetic acid, and ether over the column. The 
products obtained were further purified by repeated crystallization and 
were finally identified by their melting points, the melting points of mix- 
tures, and elementary analyses. 


Results 


Three separate experiments were carried out by the procedures des- 
cribed. In each experiment the sodium dehydroisoandrosterone succinate 
was incubated in divided amounts and the several extracts were combined 
before processing. In experiment | two 1000 mg. portions of dehydroiso- 
androsterone hemisuccinate (each equivalent to 790 mg. of free steroid) 
were incubated with liver slices for 3 hour periods, in Experiment 2 two 500 
mg. samples of hemisuccinate (each equivalent to 395 mg. of free steroid) 
were incubated for periods of 6 hours, while in Experiment 3, three 635 
mg. samples of hemisuceinate (each equivalent to 500 mg. of free steroid) 
were incubated for 6 hour periods. The weight of tissue slices used for 
each of the seven incubations varied from 100 to 135 gm. They were 
suspended in each instance in 250 mil. of buffer. 

Table I lists the total weights of steroid and tissue used in each experi- 
ment, together with the weights of the major crude fractions. It 1s ap- 
parent that the petroleum ether fractionation served to divide the original 
crude extract in such « fashion that the weight of the petroleum ether- 
insoluble fraction roughly approximated the weight of steroid incubated. 
The weight of the crude ‘“‘conjugated”’ fraction varied widely but in general 
was smaller than the weight of the crude “free’’ fraction. 

In addition to unchanged dehydroisoandrosterone, two previously known 
crystalline compounds were isolated in all three experiments. These 
were A®-androstene-3(f) ,17(a)-diol, which was isolated in yields of 43, 59, 
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and 69 per cent respectively, and A®-androstene-3(8) , 16(8) ,17(e)-triol, 


which was obtained in yields of 2.4, 8.9, and 5.0 per cent respectively, le 
The structural relationships of these compounds are indicated in the ae- k 
companying formulas, and their distribution in the various crude tractions 
is indicated in Table If. It is evident that with the exception of Experi- ul 
2 
t] 
Tneubation of Dehydrcisoandrosterone; Weights of Major Crude Fractions | 
Fractions obtained, mg. 
Total 
bree steroid Conjugated steroid 
| of lotal 
peri- weight | Petroleum Petroleum ether- \ ifiabl 
droster- period ether-soluble insoluble 
Total Non Total 
“fable potal tonic ketoni fotal tonic ketonic 
me. cm. Ars. 
250 S210 2530 612 35 516 87 110; 
300 5960 $260 1750 L210 O 1140 SOTO 1500 1380 
0 
| 
j 
HO | D 
Dehydroisoandrosterone | 
("| 
HOH H OF 
~ OH 
Js a | SU 
| in 
ment | only a relatively small fraction of the added steroid: hemisuccinate ch 
remained unhydrolyzed and appeared in the conjugated fraction. Both ex 
the diol and the triol were concentrated largely in the petroleum ether- 
insoluble non-ketonic fraction, while the dehydroisoandrosterone appeared al 
in both the petroleum ether-soluble and the petroleum ether-insoluble ge 
ketonic fractions. The data on cholesterol are included to indicate the pr 
efficiency with which it was concentrated in the petroleum ether-soluble of 


fraction. | in 
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Besides the readily identifiable products, two other fractions were regu- 
larly obtained in small yield. The first of these was an a,$-unsaturated 
ketone which was isolated in crude form in about | per cent yield in all 
three experiments and ultimately crystallized in one instance. The a,f- 
unsaturated ketone group was indieated by an absorption maximum at 
238 mu. The melting point was not that of testosterone but approximated 
that of czs-testosterone. However, the melting point of the acetate was 
174-176, while the melting point of cts-testosterone acetate is 115—-116°. 
The amounts of this compound available were insufficient for further char- 


TABLE I] 


Ineubation of Dehydroisvandrosterone; Distribution of Compounds Isolated 


Fractions obtained, mg. 


steroid 


Compound Petroleum ether- | 
Petroleum ether-soluble | 
fraction 
Ketonic Non-ketoni« Ketonic |Non-ketonic: 
Androstenedto! | 0 12S 65 
2 () 373 5D 35 
() S17 0 ISS | 30 
Androstenetriol () 3S 0 0 
2 1 0 2a 
0 H5 10 0 
Dehydroisoandros- 0 0 250 
terone 2 16 0) IS 0) 60 
Cholestero! ! 10 360 140 
2 0) 17 0 251 212 
3 28 420 


acterization. ‘The second, as yet unidentified fraction, a non-ketonic 
substance, was eluted from the column of alumina with a 90: 10 (by volume) 
benzene-alcohol mixture. Attempts to erystallize the substance have not 
as yet been successful. It separated from methanol as balls with a gelat- 
inous appearance. The over-all recovery of crystalline compounds in- 
cluding dehydroisoandrosterone was 68, 80, und SL per cent in the three 
experiments. 

The control experiments were of two types and proved to be of consider- 
able interest. In two instances fresh rabbit livers were chilled, homo- 
genized, poured into acid acetone, and processed according to the regular 
procedure. “The second type of control experiment included the incubation 
of liver slices under the conditions used in the trial runs and differed only 
in that no extraneous steroid was added. [In the first case no substances of 


| 
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interest were found, while in the second type of experiment a small ketonie 
fraction was obtained which on treatment with dinitrophenylhydrazine 
gave an immediate bright red precipitate, indicating the presence of an 
a,8-unsaturated ketone group. The substance or substances responsible 
have not as yet been isolated in pure form. 


EXPERIMENTAL 


All melting points were determined with the Fisher-Johns apparatus 
and are recorded as read. 

Preparation of Dehydroisoandrosterone Succinate—Dehydroisoandroster- 
one was heated under a reflux for 2 hours with twice its weight of succinic 
anhydride and sufficient dry pyridine to achieve solution. After cooling, 
water and ice were added and the mixture was extracted with ether. The 
ether solution was washed with cold dilute sulfuric acid and then the sue- 
cinate was extracted by washing the ether solution several times with dilute 
sodium carbonate solution. After washing the carbonate solution once 
with ether, the aqueous phase was acidified and reextracted with ether, 
The ether solution was washed with water, dried, and evaporated. The 
residue was taken up in methanol, from which the succinate readily sepa- 
rated. All traces of colored material were removed by recrystallization 
from the same solvent. <A yield of 88 to 93 per cent of dehydroisoandros- 
terone hemisuccinate was obtained. It melted at 255-259°. 

Isolation and Identification of A®-Androstene-3(B8) ,17(a)-diol—The an- 
drostenediol isolated appeared largely in the ‘“‘free’’? petroleum. ether- 
insoluble non-ketonic fraction. Its separation and purification were 
comparatively easy, since it was eluted from the column of alumina after 
the removal of cholesterol and before the recovery of androstenetriol. 
Usually, elution of this compound occurred when the concentration of 
alcohol in carbon tetrachloride reached 0.3 to 0.5 per cent. Final erystal- 
lization from methanol yielded colorless needles which melted at 176-179°. 
A mixture with an authentic specimen of A®-androstene-3(8) ,17(a@)-diol 
(m.p. 176-177°) melted at 176-177". A sample treated with digitonin 
formed an immediate precipitate. The diacetate, prepared with the aid 
of acetic anhydride and pyridine, melted at 155°. The melting point was 
not depressed by admixture of authentic A*-androstene-3(8) ,17(a)-diol 
diacetate. 

Analysis of Diacetate--C.;Hx»O,. Calculated. C 73.36, H 9.64 

Found. ‘* 13.55, ** 9.46 


Isolation and Identification of A®-Androstene-3(B) ,16(8) ,17(a)-triol— 
Androstenetriol was eluted from the column only after the application of 
the mixture of pyridine, acetic acid, andether. It was usually accompanied 
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by colored impurities which tended to inhibit crystallization, but ultimately 
it separated from methanol and was best recrystallized from this solvent. 
It melted at 265-268° and a mixture with an authentic specimen (m.p. 
263-264°) melted at 260-266°. The triacetate melted at 184-185°, and 
a mixture with A®-androstene-3(8),16(8),17(a@)-triol triacetate (m.p. 
183-185°) melted at 183—184°. 


Analysis of Free Triclh--Cy¢lhoOs-4CH,OH.® Caleulated. C 72.72, H 9.95 
Found. ** 72.76, ‘* 9.98 


Isolation of «,B-Unsaturated Ketone—This substance accompanied 
dehydroisoandrosterone through the isolation procedure and was finally 
eluted from the column with or near the dehydroisoandrosterone fraction. 
It was separated from the known ketone by the use of digitonin, since under 
the conditions employed dehydroisoandrosterone alone formed a precipi- 
tate. The compound was crystallized from methanol and melted at 224- 
226°. The acetate melted at 175-176°. The compound formed a red 
amorphous precipitate with 2,4-dinitrophenylbydrazine. An _ alcoholic 
solution (5 mg. in 100 ml.) showed maximal absorption at 238 mu. 

Isolation of Dehydroisoandrosterone—Examination of the several ketonic 
fractions resulted in the isolation of dehydroisoandrosterone as the sole 
ketone in addition to the a,8-unsaturated ketone noted in the preceding 
section. Dehydroisoandrosterone was characteristically eluted from the 
column with a 0.1 to 0.2 per cent solution (by volume) of aleohol in carbon 
tetrachloride. It was reerystallized from ethyl acetate and then melted 
at 148-149°. A mixture with an authentic specimen of dehydroisoandro- 
sterone (m.p. 146-148°) melted at 147-149°. The benzoate melted at 
248-250°. 

Isolation of Cholesterol—-Although cholesterol was present in relatively 
large amounts, it did not interfere with the isolation of the other steroids, 
since the Girard separation and the petroleum ether fractionation served 
to remove all but traces of it from the important fractions. When present, 
it was eluted from the column with a 0.05 to 0.1 per cent solution of al- 
cohol in benzene. The melting point was 149-150°. A mixture with an 
authentic specimen melted at 147-148°. After crystallization of the 
greater part of the cholesterol the mother liquors were further examined for 
compounds possibly eluted with the cholesterol. None were found. 


C'omment 


The formation of and A-androstene- 
3(8),16(8),17(@)-triol from dehydroisoandrosterone in the presence of 


*The retention of 0.5 mole of methanol is in accord with the observations of 
Hirschmann (28). 
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liver tissue indicates that both of these substances can be regarded as 
products of its metabolism and serves again to emphasize the role of the 
liver as a site of steroid transformation. Although A®-androstene-3(8) ,- 
17(a)-diol has not yet been isolated from normal urine, it has been re- 
covered from the urine of one patient after the administration of dehydro- 
isoandrosterone (16) and from others with adrenal tumors (29, 30). More- 
over, the reaction involved (namely, the reduction of the C-17 carbony| 
group to a hydroxyl group) is paralleled by similar reactions in other com- 
pounds. ‘The known conversions of estrone to estradiol and of progesterone 
to pregnanediol serve as familiar examples. It may be expected that in 
time this reaction will prove to be of rather general occurrence and import- 
ance in the intermediary metabolism of the 17-ketosteroids. In view of 
the high yield of A®-androstene-3(8) ,17(a)-diol obtained, with the system 
described, it would seem of interest to test the occurrence of this reduc- 
tion in liver mince and in cell-free systems. Such experiments are now in 
progress. 

A®-Androstene-3(8) , 16(8) ,17(a)-triol’ has been isolated from normal! 
urine (32, 33) and from the urine of patients with adrenal tumors (28, 30). 
As pointed out by Hirschmann (28) and Mason and Kepler (30), the strue- 
tural similarity between dehydroisoandrosterone and A®-androstene-3(£) ,- 
16(8) ,17(a@)-triol suggests that the former is the logical precursor of the 
latter. In addition, the conversion of a 17-ketone to a 16,17-glycol is of 
known natural occurrence, as attested by the formation of estriol from 
estrone in the human (34). The rodle of A®-androstene-3(8),17(a@)-diol as 
a possible intermediate in the conversion of dehydroisoandrosterone to 
androstenetriol may be decided in part by incubating the diol disuccinate 
with liver or other tissues. 

The isolation of an a,8-unsaturated ketone in these experiments is of 
doubtful significance in view of the fact that a similar type of compound 
was formed in those control experiments in which liver slices alone were 
incubated. Although it appears that this compound may have been formed 
from the cholesterol present, proof must await further experimentation. 

In order to rule out the factor of bacterial contamination and activity 
in the longer incubations, in Experiment | incubation was intentionally 
limited to a period of 3 rather than 6 hours. Since the products were quali- 
tatively the same in both cases, it is apparent that this factor was not , 
involved. 

In view of the losses of steroid incurred in the course of the various 
manipulations, it is not possible, on the basis of these experiments alone, 

‘The spatial configurations of the C-16 and C-17 hydroxy! groups have recently 
been defined by Huffman and Lott (31). 
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to estimate the extent to which metabolic processes converted the steroid 
to substances no longer recoverable as such. 


SUMMARY 


|. Sodium dehydroisoandrosterone hemisuccinate was incubated with 
surviving rabbit liver slices under aerobic conditions for periods of 3 and 
§ hours at 38—40°. 

2. The products isolated were A°®-androstene-3(8) ,17(a@)-diol, which was 
obtained in yields of from 43 to 69 per cent, A®-androstene-3(B) , 16(8),- 
17(@)-triol, which was isolated in vields of from 2.4 to 8.9 per cent, and an 
as vet unidentified @,8-unsaturated ketone, which was formed in yields of 
about percent. The formation of a second, unidentified ,8-unsaturated 
ketone in certain control experiments is described and its possible import- 
ance is discussed. 

3. The results have been discussed in relation to the metabolism of 
dehydroisoandrosterone general and in relation to pertinent in vivo 
studies previously reported 
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METABOLITES OF 11-DEHYDROCORTICOSTERONE: 
PREGNANE-3(@) ,20-DIOL-11-ONE 


By HAROLD L. MASON 


(From the Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 
(Received tor publication, November 7, 1947) 


A study! which involved the administration of relatively large amounts 
of synthetic 11-dehydrocorticosterone (Ia) and its acetate? (Ib) to a woman 
(Case 1) and to a man (Case 2) with Addison’s disease afforded an oppor- 
tunitv to determine what urinary products might be related to this hor- 
“mone. Thus far it has not been possible to isolate from the urine, in cases 
of hyperfunctioning lesions of the adrenal cortex, any 11-oxygenated 
pregnane derivatives. In the present study pregnane-3(qa) ,20-diol-11-one 
and another unidentified compound were isolated from the urine collected 
while 11-dehvdrocorticosterone and its acetate were being given. These 
compounds could not be found in the urine during another period when 
17-hydroxy-11-dehydrocorticosterone was being given. 

DISCUSSION 

The urme was processed, the neutral extracts were separated into 
“ketonic’’ and “non-ketonic”’ fractions, and these fractions were subjected 
to chromatographic analysis essentially as previously described (1). The 
only crystalline fractions of any consequence were isolated from the non- 
ketonie fractions. Only a trace of crystalline material was obtained from 
the ketonie fraction. It was necessary to rechromatograph the crystalline 
material first obtained from the non-ketonic fraction in order to separate 
itinto two compounds. The compound that was not identified had a melt- 
ing point a little lower than that of pregnanediol, and its melting point was 
not depressed by admixture of pregnanediol. Tlowever, the acetate of the 
newly isolated compound melted at 147-149°, whereas a specimen of preg- 
nanediol diacetate melted at 160-162°. 

Analysis of the other compound indicated the formula C.,H3,03. When 
the compound was heated | hour at 90° with pyridine and acetic anhydride, 
a diacetate was formed. ‘The formula, CaHssO3, indicated the presence of 
a ketone group or of a carbon-carbon double bond. A double bond would 
require the presence of a third aleohol group in a hindered position, since it 


Sprague, R. G., Gastineau, C. F., Mason, H. L., and Power, M. H., Am. J. Med., 


in press. 
* These substances were provided through the courtesy of Merck and Company, 


Inc., Rahway, New Jersey. 
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was not acetylated. If a ketone group were present, it also must be in a 
hindered position such as C-11, since it did not combine with Girard’s re- 
agent. (The ketonic fraction was chromatographed, but there was no 
evidence of this compound in that fraction.) Since it is known that 1]- 
desoxycorticosterone can be converted physiologically to pregnanedio| 
(2-4), it seemed likely that this new compound might be 11-ketopreg- 
nanediol (pregnane-3(a@) ,20-diol-L1-one).. Consequently, it) was. oxi- 
dized so that the ketone formed might be eompared with pregnane-3 , 11 ,20- 
trione (IIT). This latter compound had been prepared by Dr. R. 2B. Turner 


cls 
c=0 C=0 
Ib. R = CHyCO 


in Dr. kk. C. Wendall’s laboratory; | am indebted to them for this prepara- 
tion. The melting points of the two preparations were identical and there 
was no depression in the melting point of a mixture. Likewise there was no 
depression in the melting point of a mixture of the oximes. 

Lieberman reported at the Laurentian Hormone Conference, September 
10, 1947, the isolation of pregnane-3(a) ,20-diol-ll-one from the urine of 
normal individuals. The excretion of pregnane-3(a@) ,20-diol-I1-one as 
the result of administration of 11-dehyvdrocorticosterone definitely identi- 
fies this latter hormone as the precursor of the urinary compound. 

During the administration of 11-dehvdrocorticosterone and its acetate 
there was no increase in the exeretion of 17-ketosteroids as determined by 
the Zimmermann reaction. Furthermore, it was not possible to isolate 
any crystalline substance from the ketonie fraction. It may be concluded 
that 11-dehyvdrocorticosterone is not a precursor of 17-ketosteroids, but that 
it is converted in small part to pregnane-3(a@) ,.20-diol-I1-one and in large 
part to unrecognized substances. Possibly this latter part is destroved 
completely. 


EXPERIMENTAL 


In Case 1, 50 mg. of 11-dehydrocorticosterone acetate were given daily 
for 8 days and then 200 mg. for 11 days. The urine collected during ad- 
ministration of the acetate (Period 1) and during the 2 davs following 
withdrawal of the hormone was pooled. Later, 100 mg. of the free hormone 
were given daily for 11 davs (Period 2). The urine collected during this 
period was processed apart from that collected during Period 1.) In Case 2, 
100 mg. of 11-dehvdrocorticosterone were given daily for 5 davs. 
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After the addition of 50 ml. of chloroform, the 24 hour specimens of urine 
were stored in the refrigerator at 5° for 2 days. Thev were then extracted 
with chloroform for determination of ‘‘cortin-like”’ substances. The urine 
residues were acidified with 5 ml. of concentrated HCl and stored in the 
refrigerator until the collection was complete. “The pool of urine was then 
concentrated and worked up in the manner that has been deseribed pre- 
viously (1). 

In Case 1, 20 mg. of 17-hydroxy-11-dehydrocorticosterone also were 
given daily for 11 days. Nothing crystalline could be isolated from the 
urine collected during this period, perhaps because of the relatively small 
daily dose of hormone. However, since the results were completely nega- 
tive, this period served as a control for the periods during which 11-de- 
hydrocorticosterone was administered. Any steroids isolated during the 
latter periods must have been derived from 11-dehydrocorticosterone. 
The amount of steroids normally excreted by these patients, as measured 
by the Zimmermann reaction, was negligible. 

The chloroform extracts obtained before acid hydrolysis also were ex- 
amined. The ketonic portion of the fraction that was removed from ben- 
zne by repeated extraction with water was used for the estimation of 
ecortin-like substances. Not enough remained for any attempt to isolate 
compounds. The non-ketonic fraction, however, yielded crystalline 
substance which melted at 272° and which appeared to be too soluble in 
water to be of steroid nature. It was also present when 17-hydroxy-11- 
dehvdrocorticosterone was given. Tt will not be considered further in this 
report, since it evidently bore relation to 1l-dehydrocorticosterone. 

Ketonie raction—The ketonic fractions of the neutral extract of the 
urine that had been boiled with HCl gave only traces of a ervstalline com- 
pound. This result was expected, since the exeretion of 17-ketosteroids 
as determined by the Zimmermann reaction was 0.3 to 1.5 mg. per day and 
was not increased by administration of the hormone. 

Non-Ketonic Iraction -The non-ketonie fractions obtained in Case 1 
during administration of 11-dehyvdrocorticosterone acetate and during 
administration of the free hormone were 370 and 200 mg., respectively, 
and that obtained in Case 2, 145 mg. These three non-ketonic fractions 
were chromatographed separately on alumina. Benzene containing in- 
creasing amounts of aleohol was used for elution of the various fractions. 

In Period 1, Case 1, a few ervstals were obtained from the traction eluted 
with 0.2 per cent of alcohol by volume. After reerystallization from ace- 
tone thev melted at 200-210°. Not enough was available for further 
work. ‘The fraction eluted with | per cent alcohol weighed 90 mg. Analy- 
sis of the reervstallized fraction (50 mg.) and its acetate indicated that it 
Was not a single compound. Consequently the remainder was combined 
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with the corresponding fraction obtained in Period 2 (total weight 80 mg.) 
and rechromatographed. 

Compound with Melting Point of 232-235°—In the second chromatogram 
11 mg. of a crystalline fraction were eluted with the fourth to ninth 20 ml. 
portions of 0.3 per cent alcohol by volume in benzene. The substance 
melted at 232-233°. A mixture with pregnane-3(@) ,20(a)-diol (m.p, 
235-237°) melted at 231 233°. However, the acetate of this substance 
melted at 147-149° and therefore could not be the acetate of pregnanediol. 
A mixture with etiocholane-8 (a). 17(@)-diol (m.p. 233°) melted at 216—222°, 
There was not sufficient material for further characterization. 

Pregnane-3(a) ,20-diol-11-one (11)—Beginning with the sixteenth 20 ml. 
portion of 0.3 per cent alcohol in benzene, 100 ml. of solvent removed 7 mg. 
of erystalline material; 100 ml. of 0.5 per cent and 100 ml. of I per cent 
alcohol in benzene together eluted 36 mg. of the same material. It was 
hest reervstallized by addition of acetone to its solution in a little hot 
methanol. It melted at 217-219°; [a]?”?’ = +59° + 2.2° (¢ = 0.407 in 
alcohol). It failed to give a precipitate with digitonin in 90 per cent 
aleohol. For analysis a sample was dried 1 hour at 100° and 0.1 mm. 


Analysis—CaH,,0;. Calculated, C 75.33, Hf 10.14; found, C 75.40, H 10.25 


Preqnane-3(a) ,20-drol-11-one Diacetate—The acetate was prepared by 
heating 10 mg. with a few drops of pyridine and 3 drops of acetic anhydride 
for 1 hour at 90°. Water was added while cooling; then sufficient concen- 
trated HCL was added to make the mixture acid to Congo red. The pre- 
cipitate was filtered out, washed with dilute HCl and water, dried, and 
recrystallized from methanol. The first crop was recrystallized, and it 
then weighed 7 mg. and melted at 233°. 

Analysis—C2;H;.0,. Calculated, C 72.08, H8.98; found, C 71.74, H 9.15 


Oxidation of Pregnane-3\a) ,20-diol-11-one—To a solution of 12 mg. of 
this compound (0.144 milliequivalent) in 1 ml. of glacial acetic acid was 
added 6.26 ml. of CrOs in acetic acid containing 0.158 milliequivalent 
(10 per cent excess). The mixture was allowed to stand overnight. Ben- 
zene was added and the solution was washed three times with water, then 
with sodium carbonate solution, and finally with water. Removal of the 
benzene and crystallization of the residue from anhydrous ether gave erystals 
which melted at 156-157°. A mixture with pregnane-3,11,20-trione 
(111) (m.p. 157-158°) melted at 156-157°. 

The oximes also were prepared for comparison. The ketone (2 mg.), 
0.5 ml. of a solution of hydroxylamine hydrochloride (4 mg. per ml.) in 
50 per cent alcohol, and 2 drops of a saturated solution of sodium acetate 
were heated in an open tube in a water bath until the aleohol had evapo- 
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rated. Heating was continued while alcohol was added dropwise until 
the precipitate had redissolved. The crystals that separated on cooling 
were Washed with water and dried. The oxime prepared from the authentic 
specimen of pregnane-3 ,11,20-trione melted at 240-243° when placed on 
the block at 230°. The other oxime melted at 243-245°. A mixture of 
the two melted at 240-244°. 


SUMMARY 


Pregnane-3(a@) ,20-diol-l1l-one was isolated from the urine of two patients 
with Addison’s disease after administration of 11-dehydrocorticosterone 
and its acetate. Another substance melting at 232-233° was isolated but 
not identified. 


Microanalyses were performed by J. Alicino. Melting points were 
determined with the Fisher-Johns electrically heated block and are re- 
corded as read. 
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16-SUBSTTTUTED STEROLDS 
V. THE PARTIAL SYNTHESIS OF URINARY ANDROSTENETRIOL 
(4° ANDROSTEN E-3(8), 16(3) .17(a) “TRIOL) 


By MAN N. ann MARY HARRIET 


(From the Department of Biochemistry, Southwestern Medical College, Dallas) 
~(Reeeived for publication, November 10, 1947) 


In 1943 Hirschmann (1) isolated from the urine of a boy with adreno- 
cortical carcinoma a new triol in the steroid group. His skilful studies in 
characterization and degradation showed this new steroid to be a A?- 
androstene-3(3),16,17-triol. This compound occurred in strikingly high 
amounts (95 mg. per liter, or more) in the urine studied by Hirschmann. 

Marrian (2, 3) subsequently showed that Hirschmann’s triol is a con- 
stituent of normal human urine (both male and female). Marrian had had 
this same triol in hand at a much earlier date, but had been unable to 
establish an empirical formula for it; however, a reexamination of his com- 
pound in the light of Hirschmann’s research showed clearly the identity of 
the two substances. According to Marrian and Butler (3) urinary an- 
drostenetriol is present to the extent of only 0.1 mg. per liter in normal 
human urine. 

Mason and fxepler (4) have also reported the presence of Hirsehmann’s 
triol in the urine of « patient with an adrenal cortical tumor. 

We recently announced (5) the preparation of urinary androstenetriol 
from dehydroisoandrosterone and the confirmation of Hirsehmann’s 
structural assignment for the molecule. Our method of synthesis, prac- 
tically identical with the one used to prepare the sex hormone estriol (6, 7), 
allowed us to state that Hirschmann’s triol and estriol possess the same 
spatial configuration of carbinols at Cy and Cy; and that these carbinols 
are transoid in arrangement. This assertion was made possible from the 
following reasons: (a) the a-ketol 5-methyl ether obtained from the 
Stodola reduction of 16-oximinvestrone 3-methy!l ether furnishes, upon 
further reduction with sodium amalgam in excess dilute ethanolic acetic 
acid (40°), estriol 3-methyl ether, which possesses the Cys-Ci; hydroxy! 
groups in transoid arrangement, as the latter compound gives no eyclic 
acetonide (5); (>) the Stodola reduction of 16-oximinodehydroisoandros- 
terone 3-methyl! ether vields an a-ketol which furnishes, upon further reduc- 
tion with sodium amalgam as just described, the 3-methyl ether of Hirsch- 
mann’s triol, a glyeol which is likewise transoid at Cys—-Cy7; (c) sinee the two 
a-ketol 3-methyl ethers were prepared in completely analogous fashions, 
it Was logical to suppose that they possess identical configurations at Cys-C y; 
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and that a common transoid form of the Cys—C,; glycol would arise from 
the same method of reduction. 

Very recent research (8) now permits us to assign steric structures for al] 
known Cy¢-Cy7 glycols in the steroid group. The subject of steric structure 
will be treated fully in Paper VI in this series; suffice it to say here that 
Hirschmann’s triol is A’-androstene-3(8) ,16(3) ,17(a@)-triol and that estriol 
is A! 3-estratriene-3 , 16(8) ,17(@)-triol. 

Ruzicka, Prelog, and Wieland (9) in 1945 surmised that estriol and uri- 
nary androstenetriol possess the same steric configuration at Ring D. These 
workers based their view on a clever comparison of differences in molecular 
rotation as measured between the naturally occurring triols and certain 
closely related steroid triols of synthetic origin. 
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In the present preparation of Hirschmann’s triol, dehydroisoandrosterone 
3-methyl ether was taken through the steps of nitrosation, Stodola reduc- 
tion, and sodium amalgam reduction, as previously described (7), in the 
partial synthesis of estriol II > III At this stage there was 
obtained the 3-methyl ether of urinary androstenetriol, which for a long 
time defied all attempts to split it to the free hydroxyl at Cs. It was 
eventually discovered that the methoxy group could be simply and smooth- 
ly substituted by an acetoxy group upon reaction with acetic anhydride in 
the presence of p-toluenesulfonic acid as a catalyst UV — V). This reac- 
tion has proved a general one for the transformation of 3-methoxy-A°- 
steroids to 3-acetoxy-A®-steroids. The yields are high, and only a brief 
reaction time is required. The acetoxy group is, of course, readily saponi- 
fied to give the free C3;-OH (V — VI). 

From dehydroisoandrosterone 3-methyl ether, Hirschmann’s triol (as 
triacetate and recovered free triol) was prepared in 21 per cent over-all 
yield. Dehydroisoandrosterone 3-methyl ether may be prepared from 
cholesteryl methyl ether or obtained by the methylation of dehydroiso- 
androsterone (10). 


EXPERIMENTAL! 


. Dehydroisoandrosterone 3-Methyl Ether—This compound was prepared in 


a fashion similar to that of Butenandt and Grosse (10), whose method is 
based on Stoll’s general procedure (11) for the formation of normal ethers 
of cholesterol. In our reactions, the p-toluenesulfonic acid ester was not 
purified but submitted, after drying, directly to reaction with methanol. 
Nitrosation of Dehydroisoandrosterone 3-\Methyl Ether—Metallic po- 
tassium (0.33 gm.) was dissolved in 25 ec. of dry tertiary butyl aleohol with 
mechanical stirring. ‘The resulting solution of potassium tertiary butoxide 
was then poured onto 805 mg. of dehydroisoandrosterone 3-methyl ether 
(m.p. 137.5 138°) (1), and the mixture gently warmed until solution of the 
steroid was complete. The solution, cooled to near room temperature by 
mechanical stirring, was treated with 0.60 ce. of isoamyl nitrite. Stirring 
was continued for 6 hours, and the reaction mixture then left overnight at 
room temperature. ‘lhe solution plus precipitated material was transferred 
to a separatory funnel by means of 400 cc. of aqueous glycine (= 7.0 gm. of 
glycine), and, following the addition of 7.0 ec. of concentrated hydrochloric 
acid, partitioned with 400 ce. of ethyl ether. The ethyl ether, after the 
aqueous acid phase had been separated off, was washed once with 300 ce. 
of 3 per cent sodium bicarbonate, and then extracted once with 200 ce. and 
again with 100 ec. of 0.5 N potassium hydroxide. Acidification of the com- 
bined potassium hydroxide phases with concentrated hydrochloric acid 


‘ All melting points are uncorrected. 
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precipitated the 16-oximino derivative. ‘This material was allowed to settle 
in the ice box and then filtered and washed copiously with water. The 
yield of pale yellow crystals (oven-dried) was 603 mg., decomposing at 
171.5-173.5°. Of this material, 103 mg. were recrystallized twice from 
aqueous methanol (charcoal) to give 92 mg. of tiny, near white crystals de. 
composing at 180-183.5° (IT). 
Analysis Calculated. N 4.2 
Found, (a) 4.20 
(bh) 1.1 


Two Stage Reduction of 16-Oximinodehydroisoandrosterone ethyl Ether 
to 16 ,17-Glycol—-To 500 mg. of 16-oximinodehydroisoandrost erone 3-methy! 
ether (m.p. 171.5-173.5°, with decomposition) (11) were added 34 ce. of 50 
per cent acetic acid and 1.4 gm. of zine dust. The mixture was refluxed 
for 1 hour and the hot solution decanted trom the zine into 175 ec. of water. 
The zine was rinsed twice with 4 cc. portions of acetie acid and these 
united with the main reaction solution in water which was subsequently 
partitioned with 200 cc. of ethyl ether; the latter, after separation, was 
washed with 0.5 N hydrochloric acid, with 1.0 ~ sodium hydroxide, and 
with water. Evaporation of the ethereal phase yielded a nice white crys- 
talline product, A®-androstene-3(3) .17(a@)-diol-16-one 3-methyl ether (IT]). 
It was not further purified but directly submitted to reduction with sodium 
amalgam as given in the following paragraph.’ 

To the solution of the a-ketol (as above) in 58 ec. of ethanol and 6.5 cee. of 
acetic acid were gradually added 125 gm. of 2 per cent sodium amalgam, 
the temperature being carefully maintained at 40.0-40.5° by continuous 
swirling in a water bath. (As soon as sodium acetate commenced to 
precipitate, 5.0 ec. of 50 per cent acetic acid were added.) When the reac- 
tion had been completed, the mixture of mercury and solution was diluted 
with water and extracted with ethyl ether. After removal of the mercury 
and aqueous phases the ether was further washed with water, with 0.5.‘ 
sodium hydroxide, and again with water. Evaporation of the ether 
vielded a white crystalline product, which after recrystallization, twice 
from acetone-Skellvsolve B, once from absolute acetone, and twice from 
aqueous ethanol, melted at 196-197° (100 mg.). From aqueous ethanol, 
\®-androstene-3(3) ,16(3) ,17(a)-triol 3-methyl ether ervstallized as the 
hemihvdrate in the form of tiny leaves (IV). 

Analysis —CooH Caleulated. 72.92, 10.00 


7 
Found. (a) ** 72.94, ** 10.04 
Bae 
2 Asin the partial synthesis of estriol (7), it was finally decided that isolation of the 
intermediate a-ketol 3-methyl ether in pure form held no advantage. 
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From the extracted mother liquors were recovered by repeated crystal- 
lization from acetone-cyclohexane and from aqueous ethanol an additional 
101 mg., melting at 195-196°. 

Transformation of Cholesteryl Methyl Ether to Cholesteryl Acetate—Pure 
cholesteryl methyl ether? (0.50 gm.) and p-toluenesulfonic acid monohy- 
drate (Eastman, No. 984) (0.25 gm.) were covered with 25 cc. of redistilled 
acetic anhydride and heated on the steam bath with frequent stirring for 
exactly 30 minutes. The solution was cooled at once under the tap and 
then placed in the ice box. After 24 hours the product was filtered, washed 
with 90 per cent acetic acid, and washed well with water. The fine crystals 
(dried in vacuo) weighed 0.37 gm. and melted at 113-113.5°. A mixed 
melting point test performed with authentic cholesteryl acetate showed no 
depression. 

The mother liquor was apparently quite rich in cholesteryl acetate but 
no attempt was made to recover it. 

Transformation of Urinary Androstenetriol 3-Methyl Ether to Triacetate— 
To 301 mg. of the 3-methyl ether of Hirschmann’s triol (m.p. 195-196") 
(1V) dissolved in 5 ee. of dry pyridine were added 3 cc. of acetic anhydride. 
The two phases were mixed well and left 24 hours with occasional swirling. 
The diacetate was then precipitated by treatment with 200 ce. of ice water, 
and finally, after 3 hours in the ice box, filtered and washed copiously with 
water. 

To the air-dried diacetate (as above) were added 186 mg. of p-toluene- 
sulfonic acid monohydrate and the solid materials covered with 18.6 cc. of. 
redistilled acetic anhydride. The mixture was heated on the steam bath 
with frequent stirring for exactly 30 minutes and then cooled in an ice bath. 
As no crystallization of triacetate had occurred within 3 hours time, the 
anhydride was decomposed with ice water and the steroid extracted with 
ethvl ether. The ether, after having been washed with aqueous sodium 
bicarbonate and with water, was dried and then evaporated. The resulting 
white residue was three times recrystallized from aqueous ethanol (once 
with the aid of charcoal) to yield 249 mg. of white plates, m.p. 183-184°. 
Of this product, 100 mg. were recrystallized from 3.0 ce. of ethanol (ice box) 
to give 70 mg. of colorless plates melting at 184—185° (V). 

Analysis Caleulated. C 69.42, H 8.39 

Found. (a) ‘* 69.36, 
‘** 69.45, ** 8.50 

Dr. Hans Hirschmann performed a mixed melting point test with his 
urinary androstenetriol triacetate and our synthetic material and found no 
depression of the melting point.‘ 

? Prepared in high yield by the method of Stoll (11), m.p. 84°. 

‘ Hirschmann, H., personal communication. 
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ndrostene-3(8) ,16(8) ,17(a)-triol—All filtrates from the recrystal- 
lizations of triol triacetate in the preceding section were added to ether and 
the ethereal solution washed several times with water. After evaporation 
of this ether, the resulting crystalline residue was dissolved in 25 ec. of 
ethanol, 25 cc. of 1.0 N potassium hydroxide were then added, and the 
alkaline solution refluxed for 30 minutes. Following the addition of 25 ee. 
of water the saponification medium was distilled until it had become turbid. 
The free triol was allowed to crystallize for 2 days in the ice box and then 
filtered and washed well with water (100 mg., melting at 250-252.5°). This 
material was recrystallized once from aqueous ethanol, once from absolute 
acetone, and again from aqueous ethanol (charcoal), whereupon it weighed 
70 mg. and melted at 257.5-260.5° with some decomposition (VI). From 
aqueous ethanol the triol crystallized as hexagonal plates with one-half 
molecule of water. 


Analysis —Cy9H Caleulated. C 72.34, H 9.91 
Found. 


Dr. Hirschmann found no depression of melting point when his urinary 
androstenetriol was melted with our synthetic triol.‘ 

Acetylation of A®’-Androstene-3(8) ,17(a)-diol-1G-one 3-Methyl Ether— 
Crude a-ketol (0.51 gm.) (III), direct from Stodola reduction without 
purification, was acetylated with acetic anhydride (4 cc.) in pyridine 
(6 ec.) as usual. The crude acetate, obtained by precipitation with ice 
water, was crystallized from aqueous ethanol (charcoal) to give 0.56 gm. 
of flat plates (m.p. 147.5-150°). Two recrystallizations from absolute 
methanol yielded 0.29 gm. of material melting at 165-168°. A third re- 
crystallization from methanol raised the melting point to 166-169° (0.25 


gym. of flat needles). 
Analysis--C2H Calculated. C 73.30, H 8.95 


Found. (a) 73.30, 9.07 
(o>) ** 73.43, 


This material is structurally A*%-androstene-3(3) ,17(a@)-diol-16-one-17- 
acetate 3-methyl ether (8). 


SUMMARY 


The partial synthesis of urinary androstenetriol (Hirschmann’s triol) is 
described in detail. From dehydroisoandrosterone 3-methyl ether it is 
possible to prepare the substance in 21 per cent over-all yield. 

A new general method for the transformation of 3-methoxy-A*-steroids 
to 3-acetoxy-A*-steroids is described. 
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STUDIES ON THE STRUCTURE OF POLYSACCHARIDES 
I. ACID HYDROLYSIS OF STARCH-LIKE POLYSACCHARIDES* 


By MARJORIE A. SWANSONT ann CARL F. CORI 


(From the Department of Biological Chemistry, Washinaton University 
School of Medicine, St. Louts) 


(Received for publication, July 28, 1947) 


During the course of an investigation of the activating effect of polysac- 
charides and their split-products on phosphorylases, it became necessary to 
study the kinetics of acid hydrolysis of polysaccharides. The following 
eases Were analyzed: linear polymers containing a-1,4 linkages (amylose), 
branched polysaccharides containing both a-1;4 and a-1 ,6 linkages (amvlo- 
pectin, glycogen), polymers containing a-1,6 linkages (bacterial dextran), 
and cyclic structures containing a-1,4 linkages (the Schardinger dextrins). 

The question of the relative stabilities of the a-1,4 and a-1,6 linkages as 
found in amylopectin and glycogen has been a matter of disagreement. 
Data have been published supporting the opinion that the 1,6 is the less 
stable linkage (1, 2), that it is the more stable (3, 4), and that the two are 
hydrolyzed at the same rate (5). We have found that at least under condi- 
tions of high acidity and low temperature the a-1 ,4 is definitely more easily 
hydrolyzed than the a-1,6 linkage. 

The hydrolysis of the Schardinger dextrins represents a special case. 
The opening of the rings by the splitting of one of the 1,4 linkages results 
in the formation of an open chain of 6 glucose units in the case of the 
a-Schardinger and of 7 glucose units in the case of the 8-Schardinger dex- 
trin. These materials are of particular advantage in an investigation of the 
structural characteristics necessary for the activation of phosphorylase. 


EXPERIMENTAL 

Methods 
The conditions of the hydrolysis were similar to those of Hidy and Day 
(6), except that the temperature Was maintained at 30° in a thermostatically 
controlled water bath. The sample was weighed out into a volumetric 
flask, wetted with water, and made to volume with concentrated HCI, while 


* This work Was supported by a grant from the Corn Industries Research Founda- 
tion. From the thesis presented by M. A. Swanson to the Board of Graduate Studies, 
Washington University, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

ft Present address, Department of Biochemistry, Bowman Gray School of Medi- 
cine, Winston-Salem, North Carolina. 
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the flask was cooled in water. ‘Vhe concentration of the polysaccharide 
was 0.1 percent. Titration of the chloride by the Volhard method showed 
that the hydrochloric acid concentration varied between 7.5 and 7.7 N jn 
different series of experiments. Samples were removed at suitable intervals. 
neutralized with KOH, and diluted to definite volume. 

[It was possible to calculate the degree of hydrolysis from measurements of 
reducing power made with an alkaline copper reagent, in spite of the faet 
that such reagents have hitherto been considered unreliable for estimating 
the longer saecharide chains. In preliminary experiments several reagents 
of the Somogyi-Shaffer type were tested. In order to evaluate their re- 
liability as indicators of the degree of hydrolysis, the first order rate con- 
stant for amvlose was compared to that for maltose. It was to be expected 
that a suitable reagent would give the same rate constant for the splitting 
of the maltosidic linkages in the linear polymer amylose as in the disae- 
charide maltose, provided that the reducing power was inversely propor- 
tional to the length of the ehain. Weakly alkaline solutions such as the 
bicarbonate-carbonate Reagent 50 (7) did not fulfil the conditions. How- 
ever, When Reagent 60 (7), containing only sodium carbonate as the alkali, 
was used with a boiling period of 30 minutes, it Was found that the hydroly- 
sis of amylose followed a first order course over a wide range of hydrolysis, 
and that the rate constant was the same as that found for maltose.' An 
example of the precision obtained in these measurements is given in Table I. 
These results are typical of those found in several similar experiments. 

The rate constant was calculated aceording to the equation, A = 


1/t logie ec fe — «), where ¢ = glucose found on complete hydrolysis, 


/ = time in minutes. The constants found for the first intervals measured 
were regularly too low, which shows that the reagent used was not sensitive 
enough to measure the true reducing power of the longest chains. In 
calculating the averages, the first and last values corresponding to about 5 
and 95 per cent hydrolysis were arbitrarily omitted in all cases, since these 
are likely to be the least accurate in a series of this kind. The rate of hy- 
drolysis of amylose usually remained constant until the very end of the 
reaction, While that of amylopectin and glycogen declined slightly (ef. 
Table 1). 
KESULTS AND DISCUSSION 


The constants found for several polysaccharides are summarized in Table 
If and are given with the standard deviation of cach series. The grand 
average for all the results of amylose, amylopectin, and maltose 1s 


1 Maltose with this copper reagent had exactly one-half the reducing power of an 
equivalent quantity of glucose. 


x = the reducing power In terms ot glucose expressed as per cent of c, and 


M. 
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TABLE I 


Hydrolysis Constants in 


Time 
| Hydrolysis 
min | per cent 
120 | 25.0 
30.4 
240 44.0 
300 54.0 
360 57.8 
420 
450 60.0 
76.0 
13580 
1440) 


* Not included in 


The concentration of polysaccharides was 0.1 per cent. 


Polysaccharides 
Maltose 
Amylose 


Amylopectin 


Limit dextrin from amvlo- 


pectin* 
Glycogen 


Limit dextrin from glyco- | 


gen* 
Dextran 


Amylose 


.03* 


the a verage. 


05 + 0.02 


TABLE II 
Hydrolysis Constants of Various Polysaccharides in 7.7 n HCl at 30° 


Sour 


ce 


Commercial 


Schoch 


Rabbit 


Hehre 


Hassid 


* Prepared by prolonged action of 8-amylase on corresponding polysaccharides. 


liver 


Fr. CORI 


HCl at 
The concentration of polysaccharides was 0.1 per cent. 


1.08 + 0.03 


K X 108 
1.04 + 0.06 
1.05 + 0.02 
1.06 + 0.05 
1.06 + 0.02 
1.07 + 0.01 
LOS + 0.03 
0.95 2+ 0.05 
0.96 + 0.07 
0.92 + 0.015 
0.S6 + 0.04 
+ 0.032 
0.89 + 0.036 


0.159 + 0.004 
0.154 + 0.004 
0.127 + 0.005 
0.119 + 0.005 


Amy lopectin 

| 
6.3 0.95" 
15.0 | 1.07 
26.0 1.08 
37.6 1.14 
46.3 | 1.10 
58.7 1.07 
63.4 1.03 
70.0 1.09 
72.8 1.08 
95.4 


of determi- 


nations 


t 
le 
K 108 
0.77* 
| .O7 
1.04 
1 06 
1 05 
1.12 
1.04 
1.06 
1.00 
| | 
| 
6 
1] 
9 
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kK = 1.06 X 104%. This is also the slope of the straight line obtained by 
plotting the function log yo (¢ — x) versus time for these materials. 

From the fact that maltose and amylose are hydrolyzed at the same rate 
it ean be concluded that the a-1 ,4 linkage bet ween any 2 glucose units has a 
characteristic stability which is not dependent on the length of the chain jn 
which it is situated. If no other factor than this characteristic stability 
influenced the rate of reaction, then the hydrolysis should be completely 
random and should be tound to be kinetically of the first order. Since the 
reaction Was actually found to be of first order, we can conclude that all the 
linkages in amylose are equally available to acid hydrolysis, at least under 
the conditions of our experiment. 

Although the branched polysaccharide amylopectin has « much more 
complicated structure than amylose, it is hydrolyzed at the same rate and 
the reaction is oi the first order; therefore all the 1,4 linkages are equally 
susceptible to the action of the acid. The similarity between the rates of 
splitting of amylose and amylopectin indicates either that the 1,6 bond at the 
branch point is split at the same rate as the 1,4 bond or that, if hydrolyzed 
at a different rate, the 1,6 bonds are too tew to make a marked difference. 

The somewhat lower rates of hydrolysis shown in Table Il for glycogen 
and the limit dextrins of glveogen and amylopectin, materials which contain 
a larger proportion of 1,6 linkages than amylopectin, suggest that the 1,6 
bond is more diffieult to hydrolyze than the 1,4 bond. 

This suggestion could be directly tested by the use ot bacterially formed 
dextran, which has been shown by several workers to contain mainly a-1,6 
linkages (8-10). As early as 1881 Bechamp (11) noted that this material 
was more difficult than starch to hvdrolvze in acid and this has remained 
common knowledge, but has not been made use of in an analysis of the 
structure of starch and glycogen. 

‘Two samples of dextran were tested. One, obtained from Dr. Hehre, was 
synthesized by enzymes trom Leuconostoc mesenteroides. The other, 
obtained from Dr. Hassid, was part of a sample, the analysis of which has 
already been reported (10). The rate ot hydrolysis of dextran, about 12 
per cent of that of amylose (Table II), is of the right order of magnitude to 
account for the results obtained with glycogen. As calculated from the 
respective velocity constants (1.06 and 0.14 & 10°%), 97.0 per cent of the 
1,4 and 37 per cent of the 1,6 linkage would be hydrolyzed in 24 hours. | If 
glycogen contains 91 per cent of 1,4 bonds, then 0.97 & 91 or 88.3 per cent 
of the total hydrolysis is accounted for by the 1,4 linkages. 4n addition, 
0.37 X 9 or 3.3 per cent is contributed by the 1,6 bonds, or glycogen should 
be 91.6 per cent hydrolyzed in 24 hours. Several determinations average 
91 per cent hydrolysis in this time. Compared to this, amylose is found to 
be 97 per cent hydrolyzed in the same period. The assumption that the 
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1,6 linkage is split at the same rate in glycogen as in dextran is apparently 
supported by these calculations. 

The cyclic Schardinger dextrins do not show the same regularity of hy- 
drolysis as the other polysaccharides (12). ‘These compounds have been 
shown to be rings of glucose units all joined through 1,4 linkages (13), the 
a-dextrin containing 6 units per molecule, the 6-dextrin seven (14). 

In Table III it is shown that A calculated from reducing power is not 
constant, but increases with time. This might be interpreted in terms of a 
consecutive reaction; that is, the ordinarv random hydrolysis of the 1,4 
linkages would not occur until after the ring has been opened. In this case 


Taste 
Hydrolysis Constants of Schardinger Dextrins in 7.7 N HCl at 30° 


a-Dextrin 8-Dextrin 


. Reducing power Ring opening Reducing power Ring opening 
No. of | | No.of | 
Hydrolysis K 108 | rings | KX 10% | Hydrolysis KX10° rings | K 108 
broken | | broken | 
min. per ceni | per cent per ceni ) per cent | 
30 2.7 0.39 7.2 | 1.08% | 3.2 4 0.47 15.7 | 2.46 
60 7.5 0.57 | 18.7 | 1.49 | 8.0 | 0.€0 | 29.0 | 2.48 
120 16.3 | 3607 0.74 50.1 | 2.50 
ISO 25.8 0.72 48.0 0.78 66.6 2.65 
240 31.7 0.69 58.7 1.60 | | |. 
360 46.0 0.74 75.1 | 1.67 51.2 | 0.87 | 88.7 | 2.63 
540 67.0 | 0.89 89.2 1.78 67.8 | 0.91 | 95.7 | 2.54 
660 | 77.1 | 0.97 | | 
1.61 2.57 


* Not included in the average. 


one Would be dealing with two rate constants, one representing the opening 
of the rings, the other the splitting of the open chain dextrins. The latter 
should correspond to that found from maltose and is, in fact, approached as 
the hydrolysis progresses (see Table IIL). In order to determine the rate 
constant for the opening of the rings, the open chain material present after 
different periods of hydrolysis was removed by treating it with 6-amylase 
and destroying the resulting maltose by heating to 100° in N KOH for 90 
minutes. ‘The rings were then completely hydrolyzed in acid and deter- 
mined as ylueose. Control experiments showed that no Schardinger dextrin 
was lost by the 8-amylase-alkali treatment, while 97 to 98 per cent of 
maltose or of partially hydrolyzed amylose (about 30 per cent hydrolysis in 
acid) was destroyed under these conditions. 

The splitting of one bond of the rings (A) was found to follow first order 


* 
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kinetics, the rate constant being 1.61 & 1O0-? for the a-~lextrin and 2.57 x 
10-* for the 3-dextrin (Table I11), as compared to a rate constant (As) of 
1.06 & 10°% for the hydrolysis of open chains such as maltose and amylose, 
Since A, is greater than Ae, conditions are favorable for the accumulation 
of dextrins of short and fairly uniform chain lengths, and, as will be shown 
in Paper IIT of this series, these dextrins are able to activate potato phos- 
phorylase. 

It should not be concluded, however, that, because Ky is greater than Ky, 
the bonds in the cyclic structure are Jess stable to acid than the same kind of 
a bond in an open chain. The two constants are not directly comparable 
for the following reasons: Ay above was calculated trom the concentration 
of unopened rings present at different times during acid hydrolysis and in 
this case only 1 out of 6 or 7 bonds is being considered, while all the bonds 
are being considered when rate constants are calculated trom measurements 
of reducing power. Hence, it is necessary to approach the problem of 
stability of the bonds in a different manner. 

One way of doing this is to calculate the probability that a ring will be 
opened when a 1,4 bond is split. Assume that there are 210 bonds present 
(a) in an open chain, (6) in the a-dextrin (thirty-five rings), and (¢) in the 
B-dextrin (thirty rings), and that all the bonds have the same stability. 
Then A = A(S), where A represents the most probable number of rings 
broken, when GS) bonds are broken. 


N N 


where N represents the total number of bonds and A/ the number of bonds 


per ring.* 
This equation is valid for N >> S >> 1. If S = 21, that is if 10 per 
cent of the bonds are broken, A = 16.3 for the a-dextrin and 15.6 tor the 


6-dextrin, corresponding to a probability of 46.6 and 52 per cent of opened 
rings, respectively. The times at which 10, 20, ete., per cent bonds are 
broken are given by the known rate of hydrolysis of amylose, and this 
permits the calculated values to be plotted as rate curves. This has been 
done in Fig. 1, which also includes the actually observed rates for the 
opening of the rings of the a- and s-dextrin. The ratio of the predicted to 
the observed rates was 4.2 for the a-dextrin and 3.6 for the 8-dextrin. 


? These constants are somewhat lower than those previously reported (12). The 
earlier method involved removal of maltose by fermentation with yeast, and removal 
of the last traces of yeast by passing through a Seitz filter before acid hydrolysis. It 
was found that the cellulose filter pad retained significant amounts of the ring dex- 
trins, presumably by absorption. 

? The authors are indebted to Dr. Wiame for suggesting a statistical approach to 
this problem and to Dr. H. Primakoff for the development of this mathematical 
treatment. 
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According to this mathematical analysis the cyclic structures are much more 
stable to acid hydrolysis than would be predicted on the basis of the known 
rate of hydrolysis of the open chains.* 

Experimental support for this conclusion was found in comparing the 
rates of acid hydrolysis at different temperatures. Between 30-40° the 
temperature coefficients were found to be 2.4 tor amylose and 3.6 tor p- 
schardinger dextrin. This corresponds to FE values calculated by the 
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Fic. 1. Rate of ring opening of Schardinger dextrins during acid hydrolysis. 
Curves 1 and 2 experimentally determined values for a- and 8-dextrins, respectively. 
Curves 3 and 4 predicted values, if the stability of the 1,4 bonds was the same in the 
eyclic structures as in the open chains. For the equation used in calculating the 
values of Curves 3 and 4 see the text. The dotted line represents the rate of hy- 
drolvsis of amylose and fixes times at which 10, 20, ete., per cent of bonds are broken. 


Arrhenius equation of 16,600 and 24,500 calories, respectively. The higher 
activation energy for the hydrolysis of Schardinger dextrins is in harmony 
with the idea that the ring forms are considerably more stable to acid than 
the open chains. 
SUMMARY 
1. Dilute solutions of various polysaccharides were hydrolyzed in 7.7 N 
HCl at 30° and the reducing power was determined by means ot a copper 


‘Some evidence has been obtained by Dr. Wiame in this laboratory that other 
eyelie structures, the metaphosphates, show similar characteristics of acid hydrolysis 
as the Schardinger dextrins. 
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reagent of high alkalinity. Closely agreeing first order constants were 
obtained for amylose, amylopectin, and maltose over a wide range of 
hydrolysis, showing that the a-1 ,4 linkages have the same stability in linear 
as in branched polysaccharides. Glycogen and the limit dextrin prepared 
from it and from amylopectin by the action of 6-amylase were hydrolyzed at 
a measurably slower rate, particularly towards the end of hydrolysis. This 
was shown to be due to the relatively large proportion of a@-1,6 linkages 
which occurs at the branch points. That this linkage is more resistant to 
acid hydrolysis than the 1,4 linkage was inferred from the fact that bae- 
terial dextran, a polvsaccharide containing mainly a-1,6 linkages, was 
hydrolyzed at a rate only 12 per cent that of amylose. 

2. The kinetics of acid hydrolysis of the cyclic Schardinger dextrins were 
found to be complex. Based on the measurement of reducing power, a 
constantly increasing rate of hydrolysis was observed which approached 
that of maltose and amylose as hydrolysis neared completion. It was 
shown that there are two consecutive reactions involved, the first being the 
splitting of one bond of the rings which follows first order kinetics and occurs 
faster than the second reaction, the hydrolysis of the open chains. 

3. An analysis of the data was presented which shows that the a-1 (4 
bonds in the ring structure are several times more stable to acid hydrolysis 
than the same bonds in open chains. Data on the energy of activation are 
in harmony with this conclusion. 


The authors are indebted to Dr. Schoch for the supply of the starch 
fractions, to Dr. Hudson for the Schardinger dextrins, and to Dr. Hassid 
and Dr. Hehre for the bacterial dextran. 
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STUDIES ON THE STRUCTURE OF POLYSACCHARIDES 
HW. DEGRADATION OF POLYSACCHARIDES BY ENZYMES* 


By MARJORIE A. SWANSONT 


(Fram the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louts) 


(Keceived for publication, July 28, 1947) 


Starch and related polysaccharides are degraded by two different types of 
enzymes, the amylases and phosphorylases. An investigation of some of 
the properties of the phosphorylases involved the use of polysaccharides 
hydrolyzed by a- and 3-amylase and led to a number of observations about 
the action of these enzymes which are recorded in this paper. It appears 
from these experiments that the action of a-amylase on amylopectin and 
glycogen is less random than its action on amylose, that 8-amylase degrades 
one polysaccharide chain completely before transferring its activity to 
another, and that potatO and muscle phosphoryvlases differ in their action 
on branch points. 

a-Amylases—It is known that a-amylases trom different sources differ in 
the details of their action on starch (1). Therefore all interpretations are 
meant to apply only to the enzyme actually used. 

The a-amylases of both plants and animals are characterized by their 
dextrinogenic action. Starch is rapidly degraded to fragments showing 
progressively reddening iodine colors until the color reaction entirely dis- 
appears. Reducing dextrms, maltose, and small amounts of glucose 
account for the reducing power at each stage. No high molecular weight 
residue remains when the reaction has reached apparent completion. — It 
has been suggested that the primary action may be the splitting off of 
fragments about 6 units long, with subsequent formation ot maltose from 
these small dextrins (2). It seems that the 1,6 bonds at the point of 
branching cannot be hydrolyzed by the enzyme. Suggestive evidence on 
this point is the finding of a small amount of an apparently resistant residue 
from starch treated with e-amylase. The exact nature of this material has 
not been ascertained, but it is presumed to consist of tri- or tetrasaccharides 

* This work was supported by a grant from the Corn Industries Research Founda- 
tion. From the thesis presented by M. A. Swanson tothe Board of Graduate Studies, 
Washington University, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

+t Present address, Department of Biochemistry, Bowman Gray School of Medi- 
cine, Winston-Salem, North Carolina. 
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containing a 1,6 linkage (3). In most of these investigations either native 
or some variety of soluble starch has been used. 

In this work salivary amylase from one person was used throughout, and 
the substrates were liver glycogen and purified fractions of corn-starch, 
The saliva was collected fresh on the day used, diluted with water, and 
centrifuged to remove mucus. Repeated tests showed that it was of con- 
sistent amylolytic power. A slight trace of maltase activity was de- 
tectable only on long incubation (over 24 hours). 

In order to test the ability of a-amylase to split 1,6 linkages, dextran was 
used as the substrate. To 100 mg. per cent solutions of dextran and starch 
respectively were added equal amounts of enzyme. In less than 2 minutes 
the starch was completely achromic to iodine and gave a positive reduction 
test with Benedict’s solution. Even after 24 hours incubation at 30° the 
dextran showed no sign of reducing power. However, this negative result 
does not necessarily show that the enyzme is incapable of attacking a 1,6 
linkage as it occurs in amylopectin, since the whole structure of the dextran 
may be such as to inhibit the enzyme. For example, there is no doubt that 
a-amylase can hydrolyze | ,4 linkages, but those in the Schardinger dextrins 
are completely resistant. 

If the 1,6 linkages are not split, then amylopectin and glycogen should 
leave an unhydrolyzed residue of significantly greater chain length than 
that left by amylose. Samples of these three polysaccharides were dis- 
solved in 3 Nn KOH and neutralized with HC]; then 20 ml. of 0.1 M citrate, 
pH 6.5, 20 ml. of 2 per cent NaC], and water to make 100 ml. were added. 
These solutions were incubated with a-amylase for 40 hours, and then re- 
ducing power was determined before and after acid hydrolysis.’ The 
average chain length in glucose units was tound to be 2.0 for amylose, 3.7 
for amvlopectin, and 2.9 for glycogen. Since the formation of a small 
amount of glucose hus not been exeluded, the apparently complete conver- 
sion of amylose to maltose may be fortuitous, but, with this as a standard of 
comparison, it may be seen that the residues from the branched polysac- 
charides are significantly longer. This suggests that a-amvlase does nol 
split the linkage at the branch point. 

An attempt was made to obtain evidence jor the removal of fragments of 
uniform size. Polysaccharides were incubated with @-amylase at 30°, and 
samples were taken at intervals. The enzyme action was stopped by heat; 
then | aliquot of each sample was used for a determination of reducing 
power in order to caleulate the per cent hydrolysis, while another aliquot 


' The average chain length was calculated from the differences in reducing power 
before and after acid hydrolysis. The copper reagent used (see Paper I of this series) 
showed a reducing power per mg. of maltose hydrate which was one-half that of 
glucose. 
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was dialyzed 20 hours against 4 volumes of distilled water in the refrigerator. 
Dialysis Was carried out in cellophane sacs obtained from the Visking 


Separation of Products of Hydrolysis of Glycogen Digested by a-Amylase 


The samples were dialyzed in cellophane sacs for 20 hours against 4 volumes of 
H,O at 


Apparent chain lengths 


Sample No. Hydrolysis 

Dialyzed solution Dialysate 
per cent glucose wnils glucose uniis 

1 1.6 a7 4.0 

2 2.5 72 2.4 

3 | 5.8 4.7 

{ | 7.1 24.4 | 3.7 

5 14.7 | 16.3 | 3.3 

(5 21.2 | 12.5 | 3.6 

7 23.7 9.2 3.4 

25.0 8.4 3.6 

26.2 3.7 

28.8 7.0 
Tasie I] 


Separation of Products of Hydrolysis of Amylose Digested by a-Amylase 


The samples were dialyzed in cellophane sacs for 20 hours against 4 volumes of 
Hat 2. B. = blue, P. = purple, R. = red. 


Dialyzed solution Dialysate 
Chain length Iodine color | Chain length | Iodine color 
per ceni glucose umils elucose until: 
| 3.2 21.2 3.-P. S.6 Faint P. 
2 7.8 17.7 6.2 R. 
; 10.8 15.3 
12.2 10.5 R.-P. 0.6 
13.0 9.S 1.5 
16.2 R. 4.4 
7 17.2 aint R. 
23.2 6.2 3.4 
28.5 4.3 2.9 
32.8 3.4 2.4 
1] 40.5 2.4 2.6 


| 


Corporation. The reducing power of the inner and outer fluids was de- 
termined both before and after acid hydrolvsis in order to calculate the 
chain length. From Tables | and II it can be seen that the dialyzable 
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material obtained from glycogen was remarkably uniform in size over aq 
fairly wide range of hydrolysis, while the dialyzable fragments from amylose 
showed no such uniformity. Furthermore, the undialyzable fragments of 
amylose showed a much greater reduction in size for a given degree of 
hydrolysis than those of glycogen. These results might be ascribed to 
differences in structure. The linear polymer, having a uniform and easily 
accessible structure, is hydrolyzed by e-amylase in a more random manner 
than the branched polysaccharide. 

B-Amylase—This enzyme, found only in plants, has attracted much 
attention because of the peculiarities of its action. It is characterized as 
saccharogenic, since large amounts of reducing sugar and no detectable 
intermediates are formed. The generally accepted view of its action js 
that postulated by Hanes (4), which is that the enzyme successively re- 
moves maltose units from the non-aldehyde end of the chain until the action 
is blocked by some anomaly in structure. This block is now thought to be 
the 1,6 linkage at the branch poimt, since the unbranched fraction of stareh 
is completely broken down. 

Meyer and Bernfeld’s (5) kinetic prediction that the rate of hydrolysis 
should remain constant because the number of end-groups remains the same 
implies that all the chains are shortened at auniform rate. If this were true, 
then short chain mtermediates should be obtainable from amylose partly 
ligested by B-amylase. 

Our 8-amylase was prepared from ungerminated wheat by the method of 
Ballou and Luck (6). It showed no trace of maltase activity. Although 
the optimum pH is 4.8, it was very active for long periods of time at pH 
6.5, which was the pH used for all but the preliminary experiments. A 
sample of amylose was dissolved in about | ml. of 8 N KOH and neutralized 
with HCl; then 20 ml. of 0.1 M citrate at pH 6.5 were added and enough 
water to make 100 ml. When the amv lose concentration Was below 200 
mg. per cent, this amount of salt was sufficient to keep it from retrograding 
before complete enzymatic hydrolysis was achieved. About 0.5 mg. of 
enzyme powder in 1 ml. of citrate buffer was added, the digest incubated at 
30°, and a sample taken at intervals. As with the a-amylase, the enzyme 
action was halted by heating at 100° for 10 minutes. — 1 portion of each 
sample was used to determine the reducing power, which was calculated as 
maltose. Another portion was dialyzed in cellophane sacs against 59 vol- 
umes of water for 20 hours at 3°; as shown in Table IT, fragments of an 


‘ 


average chain length of 9 glucose units can be removed by dialysis. The 
material which was recovered from inside the saes had no reducing power 
and stained blue with iodine; it was completely hydrolyzed in acid and de- 
termined as glucose. 

The aim of this experiment was to calculate the amount of unhydrolyzed 
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amylose (a) from the amount of undialyzable carbohydrate and (6) from the 
amount of maltose formed, the argument being that the formation of inter- 
mediate dextrins during the action of 8-amylase should give rise to a dis- 
crepancy between these two values. ‘The results are shown in Fig. 1, 
where the values for (a) and (b) are plotted as the per cent of the total 
amylose originally present. The two curves coincide up to a point where 
only 30 per cent of amylose is left unhydrolyzed; hence fragments other than 
maltose were apparently not formed in significant amounts. The diver- 
gence of the curves after more complete hydrolysis is due to the formation 
of asmall amount of glucose, as is shown by the separate determination of 
maltose and glucose by differential fermentation with yeast. This makes 
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MIN UTES 
Fic. 1. Comparison of amount of amylose left unhydrolyzed after various intervals 
of digestion by 8-amylase; @, calculated from undialyzable carbohydrate; If, calcu- 
jated from determinations of reducing power as maltose. 


the determination of the reducing power calculated as maltose too high and 
hence the hydrolysis of amylose appears more complete than it actually is. 
Had intermediate dextrins been present, the reducing power would have 
been determined too low, and the two curves would have diverged im the 
opposite direction. 

The lack of short chain intermediates between amylose and maltose, the 
evidence from phosphorylase activation (Paper III) and from iodine colors 
(Paper IV), suggests that the action of B-amylase, at least on amylose, con- 
sists in complete scission of one whole chain to maltose before another chain 
is attacked. ‘The same apparently applies to the action of 8-amylase on 
amylopectin, since tests on the activation of phosphorylase show a decrease 
in the number of end-groups trom the beginning of the reaction (Paper III). 
The action here is apparently the removal of one whole terminal chain as 
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maltose before another is attacked, and not a shortening of all the outside 
chains at the same rate. 

The question is sometimes raised whether or not the amylases can attack 
very short chains. When partial hydrolysates of a-Schardinger dextrin 
were treated with either a- or B-amylase, there was a marked rise in the 
reducing power of the solution, and practically all of the reducing power 
could be removed by fermentation with fresh yeast. Since the unopened 
rings were not attacked at all, this shows that both enzymes are able to 
split very short chains. A very small amount of non-termentable reducing 
material which remained has not been investigated further. 

Degradation by Phosphorylascs—In an early study of mammalian phos- 
phorylases Cori, Colowick, and Cori (7) showed that 95 per cent of the gly- 
cogen which disappeared could be accounted for as glucese-1-phosphate. 
It was also noted that, if anexcess of phosphate was added, all the glycogen 
was degraded. These findings suggest a resemblance to the end-wise 
attack of 6-amylase, with the rather surprising additional ability to by-pass 
the 1,6 linkages at the branch points, or perhaps even to break them. ‘The 
action of crystalline muscle phosphorylase on purified glycogen and amylo- 
pectin was studied, and the results which had been obtained with crude 
muscle extracts were contirmed. 

The solution of polysaccharide (250 my.) and enzyme was placed in a 
small dialyzing sac, suspended in a large volume of 0.1 M phosphate-eys- 
teine buffer, pH 7.2, and incubated at 30°. A drop of toluene was added to 
the contents of the sac to inhibit bacterial growth. At intervals the outer 
solution was renewed so that glucose-l-phosphate was continually removed 
from the system. <A control with citrate-cysteine buffer instead ot phos- 
phate was run simultaneously to check on the possible presence of amylases, 
and to correct for the effeets of osmosis which tended to increase the con- 
centration of glycogen. Samples were removed at intervals from both 
digests, the glycogen (or amylopectin) twice precipitated with alcohol, 
hydrolyzed in acid, and determined as glucgse. The results are shown in 
Fig. 2, where the amount of polysaccharide remaining is plotted as per cent 
of that found in the control. 

In order to find possible intermediates too small to be precipitated in 
aleohol, duplicate samples were hydrolyzed directly without precipitation. 
Identical amounts of glucose were found in both precipitated and non- 
precipitated samples. Even at the level of SO per cent degradation the 
residue showed all the properties of the original glycogen; it) was non- 
dialyzable, stained red with iodine, formed translucent solutions in water, 
and was precipiiated on the addition of 2 volumes of ethanol. This pre- 


*Cori, G. T., unpublished. 
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cipitate was redissolved, insoluble protein and cystine reduoved by centrifu- 
gation, and the material made up to 1 per cent solution and the experiment 
repeated. It was attacked by the phosphorylase at the same rate as the 
original glycogen. 

The results in Fig. 2 indicate that muscle phosphorylase can degrade 
glycogen and amylopectin beyond the branch points. As a further check 
the limit dextrin of glycogen was prepared by prolonged action of 8-amylase. 
This material was incubated for 24 hours with a phosphate-phosphorylase- 
phosphoglucomuiase system. (The latter enzyme was added in order to 
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Fic. 2. Degradation of branched polysaccharides by crystalline muscle phos- 
phorylase. Value plotted as a fraction of the amount of carbohydrate found in the 
control; @, glycogen; §§, amylopectin; the arrows represent the addition of more 


enzyme. 


convert the glucose-l-phosphate formed by phosphorylase to glucose-6- 
phosphate and thereby to shift the equilibrium away from glycogen.) 
The barium salts of the phosphate esters were isolated in good yield and 
analyzed for total and easily hydrolyzable phosphate. In three such 
experiments the easily hydrolyzed phosphate averaged 5 per cent of the 
total esterified phosphate. ‘This is the proportion tound when phospho- 
glucomutase acts on a solution of pure glucose-l-phosphate. Since the 
limit dextrin was used, the formation of phosphate esters indicates that 
muscle phosphorylase can by-pass | ,6 linkages. 

The question whether phosphorylase can actually break 1,6 linkages has 
not been settled. When dextran was treated with muscle phosphorylase, 
no uptake of phosphate was found even on prolonged meubation with an 
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amount of enzyme which completely degraded a similar amount of glycogen 
in 3 hours. However, as in the case of a-amylase, this negative result is 
open to the criticism that the structure of the dextran may be so different 
from that of glycogen as to be unavailable to attack. Interestingly 
enough, dextran is able to activate phosphorylase for polysaccharide syn- 
thesis (Paper II1). 

Potato phosphorylase is similar to 8-amylase in being unable to pass the 
branch pomt. Meyer and Bernfeld (8) have shown that the limit dextrin 
from amylopectin is not attacked by potato phosphorylase. 
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Fic. 3. Degradation of branched polysaccharides by potato phosphorylase. ®@, 
glycogen; §§, amylopectin; the arrows represent the addition of more enzyme 


When amylopectin and the potato enzyme were dialyzed against a phos- 
phate buffer, as described tor the muscle enzyme, the degradation did not 
proceed beyond 40 per cent, as compared to a degradation of 60 per cent 
with B-amylase. The ability of the potato enzyme to degrade glycogen 
Was even more limited (see Fig. 3). 

The following experiment was designed to characterize the limit dextrin 
formed trom amylopectin by potato phosphorylase. About 250 mg. of 
amylopectin and a concentrated solution of potato phosphorylase were 
dialyzed for 40 hours against several changes of phosphate buffer, and then 
the residual polysaccharides precipitated with methanol. A portion of the 
dried sample was redissolved and treated with phosphorylase for a turther 
40 hours. This second residue was also precipitated and dried. The two 
fractions were tested for their ability to activate potato phosphorylase in 
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the synthesis of polysaccharide and for their susceptibility to attack by 
s-amylase. ‘The results are shown in Table IIT. It is seen that even at the 
limit of degradation with potato phosphorylase some branches remain 
which can be removed by the 8-amylase. These remaining branches, per- 
haps 5 to 6 units long if the branches were shortened uniformly, are not 
very effective in activating phosphorylase in the synthetic reaction. The 
limit dextrin formed from amylopectin by 6-amylase does not activate 
potato phosphorylase. 


III 
Properties of Residue from Amylopectin Degraded with Potato Phosphorylase 


Residue I, obtained after 40 hours of incubation with potato phosphorylase, was 
isolated and incubated with the enzyme for another 40 hours, giving Residue IT. 
Both residues were tested for their ability to activate potato phosphorylase for poly- 
saccharide synthesis with glucose-l-phosphate as the substrate. An amount of 
residue was used corresponding to an original amylopectin concentration of 35 mg. 
per cent and was compared with the activating effect of 500 mg. per cent of soluble 
starch. Both residues were also subjected to the action of B-amylase. 


—s Time of degra- | Activating effect | Degradation by 
dation for phosphorylase | f-amylase 
| 
| hrs per cent | per cent 
Amylopectin .._.. | 0 | 70 60 
Residue I | 40 | 62 | 30 


SUMMARY 


The degradation of polysaccharides by four enzymes has been investi- 
gated. The action of salivary a-amylase on amylose, a linear polysac- 
charide, appears to be more random than its action on glycogen, a branched 
polysaccharide. uring the action of 8-amylase of wheat on amylose, 
intermediates of short chain length could not be detected. This observa- 
tion, as well as others, suggests that this enzyme degrades one whole amyl- 
ose molecule completely to maltose before attacking a new chain. Both 
a and B-amylase hydrolyzed the short saccharide chains obtained by 
partial hydrolysis of the Schardinger dextrins. 

Muscle phosphorylase can degrade glycogen and amylopectin beyond the 
branch points. Potato phosphorylase is similar to 8-amylase in being 
unable to pass branch points, but differs from 3-amylase in removing the 
terminal chains of amylopectin less completely. No evidence has been 
obtained that any of these enzymes can break the a-1,6 linkages at the 
branch point. They do not act on dextran, a polysaccharide consisting of 
a-1 ,6 linkages. 
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STUDIES ON THE STRUCTURE OF POLYSACCHARIDES 
Il. RELATION OF STRUCTURE TO ACTIVATION OF PILOSPHORYLASES* 
By MARJORIE A. SWANSON? anp CARL F. CORI 


(’rom the Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis) 


(Received for publication, July 28, 1947) 


Since it was discovered that the synthesis of polysaccharide by phos- 
phorylase would not proceed in the absence of a small amount of preformed 
polysaccharide (1), there has been much interest in the nature and function 
of the so called activator or primer. ‘The explanation best in accord with 
observed facts is that the activator furnishes end-groups which act as 
nuclei for the addition of new chain units (2). Muscle phosphorylase 
apparently requires a large molecule with many end-groups, qualities best 
supplied in glycogen. In contrast, potato phosphorylase is activated by 
many starch-like materials (8-5), the structural requirements being much 
less exacting than those of the muscle enzyme. ‘The small amount of 
dextrin which usually contaminates maltose and enzymatically prepared 
glucose-|-phosphate causes activation of the potato enzyme, while re- 
crystallized maltose and synthetically prepared glucose-1-phosphate have 
no activating effect. Recently, Proehl and Day (6) reported that bacterial 
dextran had slight activating ability. 

In a preliminary report (7) it was shown that dextrins averaging 4 to 5 
glucose units in length could activate potato phosphorylase. In the 
present paper this investigation will be reported in greater detail. The 
relation of activation to the size of the dextrins was studied by observing 
changes in the activating ability when polysaccharides were hydrolyzed by 
various agents. In this connection some observations have also been made 
on the structure of branched polysaccharides. 


EXPERIMENTAL 


The acid hydrolyses were carried out as described in Paper I of this 
series. For the enzymatic hydrolysis, 100 mg. per cent solutions of poly- 
saccharide in 0.02 m citrate at pH 6.5 were treated with enough enzyme to 


* This work was supported by a grant from the Corn Industries Research Founda- 
tion. From the thesis presented by M. A. Swanson to the Board of Graduate Studies, 
Washington University, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

+ Present address, Department of Biochemistry, Bowman Gray School of Medi- 
cine, Winston-Salem, North Carolina. 
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effect about 50 per cent hydrolysis in 1 hour.’ At suitable intervals samples 
were removed and heated at 100° for 10 minutes to stop enzyme action, 
Usually the determination of the activating and the reducing power was 
made on the same day as the hydrolysis. 

For testing the activating ability a polysaccharide concentration of 
30 to 35 mg. per cent was chosen, since it has been found that 12 to 15 mg. 
per cent of amylopectin gave half maximal activation of potato phosphory- 
lase. At double this concentration the system was still sensitive to in- 
creases in end-groups, while the activity in the presence of less effective 
substances was not too small to be measured. The material to be tested 
was substituted for the starch or glycogen in the standard test system, 
which consisted of equal parts of polysaccharide solution, 2.25 per cent 
glucose-l-phosphate (as dipotassium salt), and enzyme. ‘The phosphory- 
lase of potato was diluted with 0.1 Mm citrate buffer at pI1 6.5, and that of 
muscle with 0.03 M cysteine-1 per cent sodium glycerophosphate at pH 6.82 
After 5 minutes incubation at 30°, the reaction was stopped by addition of 
part of the sulfuric acid needed for the phosphate determination by the 
method of Fiske and Subbarow (9). Each series contained a standard 
tube containing 500 mg. per cent of starch or glycogen, and all activations 
were calculated as a percentage of this maximal value. Because of the 
great sensitivity of the muscle enzyme to salts, the chloride concentration 
of the standard glycogen solution was adjusted to that of the test solutions. 
Synthetic glucose-l-phosphate was used throughout, since the enzymati- 
cally prepared ester always gives a substantial activity with the potato 
enzyme, a factor which makes the quantitative relationships more difficult 
to evaluate. 

The reducing power was measured with Shatier and Somogyi’s Reagent 
60 (10), with a boiling time of 30 minutes. For acid hydrolysis it was ex- 
pressed as per cent conversion to glucose and for the hydrolysis with amy- 
lase as per cent conversion to maltose, although maltose is not the sole 
reducing substance present. 

Correlation of Activating Ability with End-Groups and Chain Lengths— 
The curves obtained by plotting the per cent activation against the per 
cent hydrolysis for acid-treated amylose and Schardinger dextrins are 

1 g-Amylase was prepared by the method of Ballou and Luck (8) from wheat. 
Diluted saliva was the source of a-amylase. Extra NaCl, 400 mg. per cent, was 
added to the substrate of a-amylase. 

? The crystalline muscle phosphorylase was prepared by Dr. G. T. Cori from rab- 
bit muscle. The potato phosphorylase was prepared by Dr. A. A. Green. It had 
an activity of 10 to 15 units per mg. of protein, when 1 unit is the amount of enzyme 
liberating 0.1 mg. of phosphorus in 5 minutes at 30° and pH 6.5 in the presence of 500 
mg. per cent of starch and 750 mg. per cent of glucose-1-phosphate. It was free 
of phosphatase and amylase activity. 
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shown in Fig. |. Each curve is the composite of several series of deter- 
minations. ‘The characteristic rise and fall of the activating ability is a 
function of the number and size of the fragments formed during the hy- 
drolysis. ‘wo opposing effects are in operation; as hydrolysis progresses, 
more and more end-groups become available for the activation, but at the 
same time some chains become too short to be activating. ‘lhe curve for 
the a-dextrin is lower and flatter than that of the @-dextrin because the 
slower rate of ring opening (Paper |) leads to a smaller but more prolonged 
supply of open chains. 

The lengths of the chains available for activation were determined after 
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Fic. 1. Activation of potato phosphorylase by acid-hydrolyzed unbranched poly- 
saccharides. The average chain length at the peak of activation was between 4 and 
Sunits. See the text. O, amylose, 6-Schardinger dextrins, a-Schardinger 
dextrin. 
glucose and maltose were removed by fermentation with yeast. Then the 
reducing power was determined before and after complete acid hydrolysis, 
and the data used for the calculation of the average chain length. In the 
ease of the Schardinger dextrins the unopened rings had also to be de- 
termined (Paper | ). With both amylose and the 8-Schardinger dextrin the 
peak of activation occurred when the average length of the chains was 4 
to 5 glucose units, and this was also the average maintained over the flat 
part of the curve for the a-dextrin. The fermented hydrolysate from 
amylose at the peak of the curve is a relatively homogeneous mixture, 
containing no fragments over 7 (since it is achromic to iodine) nor under 
3 units long. It should prove a good material from which to isolate frac- 
tions to study the minimal! chain length required for activation. 

Weibull and Tiselius (11) separated dextrins of various chain lengths with 
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the aid of their adsorption analysis technique. ‘They found pure maltose 
to be inactive, while tri- to hexasaccharides had an activating effect for 
potato phosphorylase. ‘There is thus fair agreement as to the require- 
ments of potato phosphorylase for activation. This enzyme is useful as 
an indicator for the presence of dextrins too short to give an iodine color. 

Of some importance is the question of the affinity of these short chains for 
phosphorylase as compared to starch or amylopectin. It should be em- 
phasized again that all comparisons of activating ability in the experiments 
in Figs. | to 7 were made with equal concentrations of polysaccharides ex- 
pressed as glucose. lor an equal concentration, Weibull and Tiselius found 
«a hexasaccharide to be more activating than starch. According to the 
present theory, a comparison of activating ability should be based on the 
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Fic. 2. Activation of potato phosphorylase by acid-hydrolyzed branched poly- 
saccharides. §§, amylopectin, @, amylopectin limit dextrin. 


concentration of activating end-groups. According to our measurements, 
starch and amylopectin with about 4.5 per cent end-groups give half max- 
imal activation of potato phosphorylase at a concentration of end-groups of 
about 3 X 10-5 w per liter. A similar value is found fér corn amylose, 
its average chain length being assumed to be about 200. bor dextrins ot 
an average chain length of 5 units (derived trom hydrolysis of either amy- 
lose or 8-Schardinger dextrin) the corresponding value was 1.4 x 10™ 
mM per liter. This indicates that per mole of end-group the short chains are 
less effective as activators than the native polysaccharides. A recalculation 
of the data of Weibull and Tiselius gives the same result. 

The curves obtained with several polysaccharides hydrolyzed with 
different agents are presented in Figs. 2 to 6. Acid hydrolysis produces a 
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| rise in activation in every case except that of amylopectin. Hydrolysis 
by a-amylase causes a small increase, even with amylopectin. The £- 
amylase always decreases the activation. In all cases the curves were 
reproducible and quite characteristic, so that this method can be used as a 
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Fic. 3. Activation of potato phosphorylase by acid-hydrolyzed branched polysac- 
charides. @, glycogen, @, glycogen limit dextrin. 
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hig. 4. Activation of potato phosphorylase by polysaccharides hydrolyzed by 
e-amylase. @, amylopectin, @, amylose, A, glycogen. 


means of identifying an unknown polysaccharide of the group tested. This 
is shown in a previous paper in which the activating effects of a number of 
additional polysaccharides have been tabulated (7). 

In general, the increase or decrease in activating ability observed in these 
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experiments is in harmony with the concept that activation depends on the 
number of end-groups available, provided the chains to which the end- 
groups are attached are above a certain minimal size. Amylopectin seems 
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Fic. 5. Activation of potato phosphory!ase by de-.trins hydrolyzed by a- 


amylase. @, amylopectin limit dextrin, @, glycogen limit dextrin 
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kic. 6. Activation of potato phosphorylase by polysaccharides hydrolyzed by 
S-amylase. @, amylopectin, @, amylose. 


to be an exception, since it is difficult to explain why acid hydrolysis does 
not result in an increase in available end-groups. ‘The limit dextrin of 
amylopectin shows a large increase in activating ability on acid hydrolysis 
(Fig. 2). Since this is due to the breaking up of the inner structure, it 
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would appear that acid causes a decrease in the activating ability of the 
outer structure faster than the inner segments are made available. 

The very low activating ability of the limit dextrins of amylopectin and 
glycogen (Figs. 2, 3, and 5) shows that an end-group must be more than 1 
or 2 units from a branch point in order to be available to potato phos- 
phorylase. Actually, if we judge from the data of ‘Table II], Paper II, a 
somewhat longer chain may be required. ‘The fact that the effeetive chain 
length of the outer structure is limited by the branch point makes it possible 
to explore the inner structure of branched polysaccharides by means of 
potato phosphorylase. 

The hydrolysis activation curves of the limit dextrins in ligs. 2, 3, and 
5 show that both acid and @amylase can split the inner structure in such 
a manner that activating chains are formed. If a chain of 3 to 4 units 
from a branch point is required and acid hydrolysis is random, then at least 
some of the inner segments must be as long as 6 to 8 units to be split to 
activating chains. According to an estimate of Meyer (12) the inner 
segments of amylopectin are on an average 8 to9 unitslong. The evidence 
from phosphorylase activation Is in agreement with this estimate. In the 
case of glycogen the inner segments were estimated to be on an average only 
3 units long (12), and this is not compatible with the evidence from phos- 
phorylase activation, unless one makes the assumption that the inner 
structure of glycogen is very irregular, consisting at least of some long inner 
segments. 

That the 1,6 linkage itself does not interfere with activation is shown by 
the fact that bacterial dextran activates potato phosphorylase. Proehl and 
Day (6) found that 570 mg. per cent of dextran dissolved in water had about 
40 per cent of the activating effect of 150 mg. per cent of amylopectin. 
Similar observations have been made in this laboratory with two different 
samples of dextran. When high concentrations of the dextrans were dis- 
persed in water or in 7.7 N HCl (followed by neutralization), the activation 
was about 30 per cent of maximum. Dextran dissolved in high concentra- 
tion in 3.N KOH, followed by neutralization, was as effective an activator 
as the same amount of starch. At lower concentrations the dextran was 
less effective than starch. When more dilute alkali was used, the acti- 
vating effect was less than that of starch even in high concentrations. 
Apparently the effect is one of degree of dispersion, the higher alkalinity 
bringing the dextran into more perfect solution. An effect of alkali on the 
solubility of dextran has been described by Daker and Stacey (13) and may 
be connected with the elimination of nitrogenous impurities. That the 
degree of dispersion plays a rdle has also been shown in the ease of amylose, 
which is more effective as an activator when first dissolved either in acid or 
alkali than when dispersed in water. 
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Although each glucose unit in the dextran has a free hydroxyl on carbon 
!, only a few of these seem to act as primers of phosphorylase. Correlation 
of the iodine color of the newly formed polysaccharide with the amount of 
glucose-l-phosphate that has reacted should give an estimate ot the number 
of activating groups used in the dextran. In one sample studied spectro- 
photometrically, the spectrum of the iodine complex of the newly formed 
polysaccharide closely resembled that of amylose. From data to be pre- 
sented in Paper IV one could estimate that the newly tormed chains were 
at least 50 units long. Since 2.36 x 107° m™ of glucose-phosphate had 
reacted, the concentration of activating groups should have been one- 
fiftieth of that value or 4.7 &* 107° mM, as compared to a glucose concentra- 
tion in the dextran of 1.14 & 10°? mu. This would indicate that only 
0.34 per cent of the hydroxyls on carbon 4 was involved in activation, a 
value which is even smaller than the number of end-groups found for this 
sample of dextran.’ 

Treatment of amylose or of amylopectin with @-amylase results in a 
decrease in activating ability (lig. 6). If all chains were shortened uni- 
formly, the moles of end-groups would remain the same and the decrease in 
activating ability would result from decreased affinity. Another pos- 
sibility is that suggested in Paper II, namely that a whole chain is com- 
pletely degraded before a new one is attacked. In this case the decrease in 
activating ability would result from a loss of end-groups. Calculations 
based on the second assumption show fair agreement in the case of amy- 
lopectin. In the case of amylose the loss of activating ability is greater than 
ean be explained by the loss of end-groups, perhaps because 3-amylase 
attacks preferentially the short amylose chains. 

The requirements of muscle phosphorylase are narrower than those ot 
the potato enzyme. Glycogen is the best activator, and its effectiveness 
increases slightly after verv short hydrolysis in 6 N HCl at 30° (7), tollowed 
by a sharp decrease. In 7.7 N HCl (Fig. 7) the activating ability of gly- 
cogen decreases rapidly from the start, in contrast to its greatly increased 
effectiveness for potato phosphorylase (Fig. 3). Hydrolysis of glycogen by 
e-amylase (Fig. 7) results in a slight initial increase in activating ability 
(see also (15)); with more prolonged action of a-amylase the activating 
ability is lost rapidly. Glycogen limit dextrin prepared by 3-amylase 
has some activating effect, while that of amylopectin is only slightly active. 
Hydrolysis of the former material only decreases the activation (hig. 7). 
These observations and those previously recorded (7) all agree with the 
concept that muscle phosphorylase requires a large molecule for activation. 


° The dextran used was that analvzed by Hassid and Barker (14) and found to yield 
about 2.9 per cent tetramethyl! glucose. 
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Dextran dissolved in high concentrations in alkali and then neutralized 
had nearly the same activating ability for muscle phosphorylase as gly- 
ecogen, but on dilution activation decreased rapidly. When dissolved in 
acid, dextran hardly activated even in high concentrations, and activation 
disappeared on hydrolysis. Since dextran cannot be split by phosphorylase 
in the presence of phosphate (Paper I1), this represents an example of a 
molecule which can activate both potato and muscle phosphorylase but 
eannot be attacked by them. 
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hia. 7. Activation of tausele phosphorylase by hydrolyzed polysaccharides. @, 
glycogen and a amylase, A, glycogen limit dextrin and a-xmylase, ©, glycogen in 
HC, 


SUMMARY 


|. The hydrolysis products of various polysaccharides were tested for 
their activating ability for potato phosphorvlase. When the per cent 
hydrolysis was plotted against per cent activation, curves were obtained 
which were characteristic tor each polysaccharide and for the hydrolytic 
agent used (acid or a- or 3d-amylase). ‘The increase or decrease in activation 
was shown to depend on the number of end-groups formed during hy- 
drolysis as well as on the size of the fragments. Chains only 4 to 5 glucose 
units long, derived from hydrolyzed amylose or Schardinger dextrins, had 
activating power for potato phosphorylase. 

2. A study of the activating effeet of branched polysaccharides during 
hydrolysis by 3-amylase shows that the branch point limits the length of 
the chain and that potato phosphorvlase cannot be activated by an end- 
yroup less than 8 or 4 units removed from a branch point. 

3. The limit dextrins of amylopectin and glycogen can be hydrolyzed by 
a-umviase or acid to vield activating fragments. This shows that some of 
the inner segments of these polysaccharides are at least 6 to 8S glucose units 
long. 
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4. Muscle phosphorylase is activated only by large soluble molecules 
with many end-groups, such as glycogen and amylopectin. F-nzymatie or 
acid hydrolysis causes a rapid loss of activating power. 

5. Bacterial dextran which contains primarily a-1,6 linkages, when 
dissolved in alkali in high concentration and then neutralized, is able to 
activate both potato and muscle phosphorylase. 
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STUDIES ON THE STRUCTURE OF POLYSACCHARIDES 
IV. RELATION OF THE IODINE COLOR TO THE STRUCTURE* 
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There has been a large amount of work done on the blue colored com- 
plexes which starch forms with iodine (cf. the review by Barger (1)). 
When a sharp tractionation of starch was achieved, it was found that 
amylose contributed most of the blue color, that of amylopectin being a 
comparatively pale lavender. Since amylopectin is much larger and more 
colloidal in nature, it seems that the color formed with iodine is related to 
the structure of the molecule rather than to its colloidal properties. Evi- 
dence has been presented by Rundle and French (2) that amylose in solu- 
tion has a helical structure and that the iodine molecules are held length- 
wise within the helix. 

There have been comparatively few quantitative studies of the spectrum 
of the complex. In 1988 Hanes and Cattle (3) studied the relation of the 
color changes to the development of reducing power during the hydrolysis 
of starch by different amylases. They discussed at length the possible 
interpretations for the changes observed, and the relation of iodine color to 
structure as it was then regarded. Simerl and Browning (4) and to a 
greater extent Kerr and Trubell (5) have studied the spectra of starch frae- 
tions. 

In the present investigation the changes in the polysaccharide-iodine 
spectrum were studied during hydrolysis of amylose by various agents and 
during svuthesis of polysaccharide by phosphorylase. It was found that 
the hue of the complex is dependent only on the length of the unbranched 
chains of the polysaccharide. Mixtures of different polysaccharides show 
that each component has an additive effect on the production of the final 
color. Changes in the spectrum during enzymatic hydrolysis give impor- 
tant information on the mode of action of the enzymes. Consideration of 
the results of Hanes and Cattle in the light of the newer knowledge of the 


* This work was supperted by a grant from the Corn Industries Research Founda- 
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Washington University, in partial fulfilment of the requirements for the degree of 
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properties of the starch fractions shows that our results are in complete 
agreement with theirs. 


EXPERIMENTAL 


Since salts have been observed qualitatively to affect the color, the con- 
centration of salts was kept as low as possible (about 0.001 mM) and the ratio 
of polysaccharide to salt approximately constant. The acid and enzymatic 
hydrolyses were carried out as described in Papers I and IIT. For synthesis 
by means of phosphorylase a solution of an achroodextrin of known average 
length was used as the activator. At intervals, a drop was removed and 
treated with iodine. When a color change was detectable, a measured 
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500 600 700 800 
WAVE LENGTH 
hic. 1. The absorption spectra of amylose and amylope.c.m in the presence o 
iodine with no added iodide. Upper curve, amylose; middle curve, amylopectin 
dowest curve, lodine alone. The polysaccharide is in excess. 


sample was removed and the reaction was stopped with dilute sulfuric acid. 
Aliquots of this solution were used for both phosphate determinations and 
spectrophotometric studies. ‘The final sulfuric acid concentration in all 
solutions used for study of the spectra was 0.01. N. The observations were 
made in a Beckman spectrophotometer. 

Effect of lodine on Spectrum—Hanes and Cattle found that the color of 
the starch-iodine complex was added to that of the iodine alone. We 
found this to be true even when the polysaccharide was in excess. In Fig. | 
are shown the spectra of 10 mg. per cent solutions of amylose and amylo- 
pectin to which a saturated solution of iodine in water has been added. 
The lowest curve is that of the iodine alone. The excess of polysaccharide 
was so great that the intensity of the color was not at all changed by 
doubling the concentration of the polysaccharide, but nevertheless the 
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small peak given by iodine at 450 my was plainly visible in the curves for 
the two polysaccharides. 

When iodide ion is added, this peak shifts toward the ultraviolet and 
only « small portion of it is visible at wave-lengths longer than 400 muy. 
In Fig. 2 are the spectra of 5 mg. per cent amylose and amylopectin in the 
presence of 10 mg. per cent iodine and 20 mg. per cent potassium iodide. 
The lowest curve is that of the iodine-iodide alone and is essentially the 
same as that found by Hanes and Cattle. | 

In Figs. 3 and 4 are the spectra of various concentrations of amylose and 
amylopectin when the absorption due to the iodine has been deducted. 
Here the density is proportional to the concentration of the polysaccharide. 
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bic. 2. The absorption spectra of amylose and amylopectin in the presence of 


iodine-iodide. Upper curve, 5 mg. per cent amylose; middle curve, 5 mg. per cent 
amylopectin; lowest curve, 10 mg. per cent iodine, 20 mg. per cent potassium iodide. 
The todine is in excess. 


Unless otherwise specified, all observations reported were made in the 
presence of excess iodine-iodide and the absorption due to the iodine blank 
was deducted from that observed for the polysaccharide-iodine mixtures 
to obtain that due to the complex alone. 

Npectra of Starch Fractions—TVhe amylose-iodine spectrum was found to 
have «a broad, symmetrical peak around a maximum at 650 mu (lig. 3). 
Amylopectin formed a complex having a much teebler absorption with a 
peak at 540 my (Fig. 4). The previously reported maxima for amylose 
were at 600 to 620 mu. This probably shows that the amylose fraction 
was not entirely freed of amylopectin, since the addition of amylopectin to 
amylose shifts the peak toward the shorter wave-lengths. This is shown in 
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Fig. 5 where the curves obtained for soluble starch and a 1:4 amylose- 
amylopectin mixture are compared. The middle curve is that obtained by 
adding independent curves for the two fractions. These curves are all 
similar in general shape and location of the peak, and show tha‘ the effect 
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Fig. 3. The absorption spectra of the amylose-iodine complex, observed density 
minus density of the iodine blank. Concentration of amylose 5 and 2.5 ing. per cent. 


500 600 700 800 
WAVE LENGTH 
Fic. 4. The absorption spectra of the amylopectin-iodine complex, observed den- 
sity minus density of the blank. From the top down the concentrations of amylo- 
pectin are 15, 10, 5, and 2.5 mg. per cent. 


of two differently staining polysaccharides is additive. ‘The shape of the 
starch curve beyond 650 mz is similar enough to that of amylose to justify 
using the density at 660 my as an approximate measure of the amount of 
amylose in starch. 
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Effects of Hydrolysis “Random hydrolysis by acid shifts the peak of 
absorption toward the short end of the spectrum mainly by decreasing 
ll absorption in the longer wave-lengths (Fig. 6). The topmost curve in 
Fig. 6 shows that, even though measurable reducing power had not ap- 


t 
STARCH 
i i i 
500 600 700 800 
WAVE LENGTH 
Pig. 5. Absorption spectra of mixtures of starch fractions. Upper curve, soluble 
starch; middle curve, a composite of independent curves for amylose and amylopec- 
y tin, marked N and Y in Figs. 3 and 4 respectively; lowest curve, a mixture of amylose 


and amvlopectin 


509 600 800 
WAVE LENGTH 

hic. 6. Changes in the absorption spectra of amylose during hydrolysis in 7.7 N 
HCl at 30°. Progression from the top downward, corresponding to S, 138, 30, 60, OO, 


and 150 minutes of hydrolysis 


, peared in the solution (S minutes in 7.7 N HCl at 30°), the absorption 
spectrum had already been changed. When e-amylase was the hydrolytic 
} agent, the color shift was similar to that mm acid (Fig. 7). ‘The main differ- 


ence lies in the greater shift toward the red in proportion to the decrease in 
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the amount of color. This probably indicates that enzyme hydrolysis is 
not completely random, but that fragments of certain sizes are preferen- 
tially removed (cf. Paper IT). 

An entirely different picture is obtained with B-amylase (Fig. 8). Hanes 
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kic. 7. Changes in absorption spectra of amylose during hydrolysis by a-amylase. 
Progression from the top downward, corresponding to 30 per cent hydrolvsis for the 
last curve. 
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Fic. 8. Changes in absorption spectra of amylose during hydrolysis by 8-amylase. 
Progression from the top downward, corresponding to 91 per cent hydrolysis for the 
last curve. 


also found that under the influence of this enzyme the torm ot the curve 
remained essentially that of the original starch. This same effect was 
reported by Bourne, Macey, and Peat (6) in a slightly different fashion. 
They found that the relation of the “blue value,” or absorption at 660 mau, 
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to reducing power was a straight line when amylose was the substrate. 
The decline in the intensity of absorption without any shift in the peak or 
change in the shape of the curve shows that during action of 8-amylase the 
amount of amylose decreases without the formation of any iodine-staining 


500 600 700 00 
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Fig. 9. Absorption spectra of amylose, and amylose-erythrodextrin mixture. 


Upper curve, 2.5 mg. per cent amylose and 2.5 mg. per cent dextrin; lower curve, 
2.5 mg. per cent amylose. 
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Fic. 10. Changes in absorption spectra during degradation of amylose by potato 


phosphorylase. 


intermediates. ‘The addition of a red-purple staining dextrin to amylose 
actually shifted the peak (Fig. 9). This shows that the intensity of color 
due to the amylose is not so great as to obscure completely the effect of the 
less intensely staining material. Potato phosphorylase also degrades 
amylose with no change in the spectrum (Fig. 10). 
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Relation of lodine Color to Chain Length —Krom the results obtained with 
hydrolyzed amylose it appears that the color is related to the length of the 
chains. In order to test this, a series of molecules of known size is neces- 
sary. One way of obtaining these is through synthesis by means of phos- 
phorylase. If an achroodextrin solution with a known number of end- 
groups Is used as activator, the size of the synthetic polvsaccharide can be 
ealculated trom the inorganic phosphate liberated, as shown in ‘Tables T and 
I]. This gives a minimum value since it involves the assumption that the 
added units are distributed uniformly among the dextrin end-groups, which 
may not be strictly correct because some of the dextrins may be too small 
to activate. 


TABLE I 
Chain Lengths of Synthetic Polysaccharides 
Activating dextrin prepared by acid hydrolysis of 8-Schardinger dextrin. Con- 
centration of end-groups in activating dextrin = 1.1 & 10 glucose 1-phosphate 
(initial concentration) = 1.9 * 10 ?uM. The curves for the absorption spectra corre 
sponding to each chain length are shown in Fig. 11. 


Time Phosphate liberated ~— = Visual color with iodine Mb a 
min. per cent lotel uv xX 
4 5.3 1.0 12.9 Red 520) 
13.5 S.4 1.6 Lavender 
Is 9.5 1.8 Purple 
25.5 14.7 2.8 29.3 Blue-purple SSO 
$2 34.7 Blue 
135 d4.2 10.3 O74 HOU 
360 S2.6 15.7 146.5 


The similarity between the curves tound during synthesis (Fig. 11) 
and in reverse order during acid hydrolysis (Fig. 6) is striking. In both 
cases the absorption peaks show a shift from 520 to GOO mu, and hence the 
same intermediate colors are traversed as the reaction progresses, from red 
to blue as the chains are lengthened by synthesis and from blue to red as 
they are shortened by hydrolysis. In Fig. 12 the polysaccharide is in ex- 
cess relative to the iodine and there was no added iodide, so that these 
curves are comparable to those in Fig. |. Again there was a shift in the 
colors from red to blue, and the absorption curves resembled more and 
more that of amylose as the chains were lengthened by synthesis. 

In the above experiments with linear polymers the chain length appears 
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to be the main factor influencing the hue of the iodine complex. The data 
of Tables I and II show that no visible colors are formed by chains up to 
7 units long, red color by chains of 8 to 13 units, and blue color by chains 


Tasie If 
Chain Lengths of Synthetic Polysaccharide 
Concentration of end-groups in activating dextrin = 4.2 * 10~* mM; glucose-1- 
phosphate (initial concentration) = 2.66 X 10°? m. The curves for the absorption 
spectra corresponding to each chain length are shown in Fig. 12. In contrast to the 
experiments in Fig. 11, no iodide was added and the polysaccharide was in excess 
relative to iodine. 
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Time Phosphate liberated Visual color with iodine 
min per cent total uw xX mips 
3.0 0.8 5.7 | None 
10 10.2 2.7 10.2 Red 520 
15 15.0 1.0 13.3 Lavender | 540 
25 2? 6 i | 560 
$5 27.4 7a 21.2 Purple 580 
34.2 25.5 Blue-purple 580) 
16.2 12.4 33 Blue 600 
15 53.0 14.1 37.4 600 
240) 14.5 3 HOO 
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500 6009 700 800 
WAVE LENGTH 
Fig. 11. Changes in absorption spectra during synthesis of the polysaccharide by 
potato phosphorylase. Progression from the bottom upward. For experimental 
details see Table I. 


over 30 units. ‘The relationship was checked by using solutions of amylose 


which had been partially hydrolyzed by a-amylase. The samples were 
dialyzed against large volumes of water to remove the very short chains; 
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then the chain lengths were determined from the reducing power as be- 
fore. Three dialyzed solutions which stained red averaged 11 + 0.5 units 
long, three that stained lavender were 21 + 0.1 units long. End-group 
analysis of several dextrins has also shown that red iodine colors are 
formed by dextrins 8 to 12 units long (7). 

The iodine colors can also be used to indicate the dialyzability of the 
dextrins. Some red staining chains formed by the hydrolysis of amylose 
can be dialyzed away in 20 hours (see Paper II, Table 11); these had an 
uverage chain length of 8 units. Since red staining chains averaging 1] 
units were retained, the limit of dialyzability with the cellophane mem- 
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500 600 700 BOO 
WAVE LENGTH 
hic. 12. Changes in absorption spectra during synthesis of polysaccharide by 
potato phosphorylase. No iodide is present, and the polysaccharide is in excess. 
The dotted line is that of amylopectin represented in Fig. 1. For experimental de- 
tails see Table IT. 


branes used (Visking Corporation, NoJax) appears to be between 8 and 
11 units. 

The question arises whether the iodine color can be used as an index ot 
the length of the segments in branched polysaccharides such as amylo- 
pectin. In the past, dependence of the color solely on the chain length has 
been doubted because materials were found having the same end-group 
assay, vet showing widely different colors. “Two such eases are cited by 
Hanes and Cattle (3). A red staining non-retrograding dextrin was pre- 
pared by Haworth, Hirst, and Plant (7) by degrading starch in hot glye- 
erol. After careful fractionation three methods of analvsis showed it to 
be relatively homogeneous, and to average 11 to 12 units long. On the 
other hand, a-amylodextrin, which stains purple and retrogrades from 
solution, was also found by Haworth, Hirst, Kitchen, and Peat (8) to 
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average 11 to 12 units. ‘The amylodextrin was prepared by the action of 
B-amylase on unfractionated starch, and our present knowledge of the 
properties of the starch fractions and the action of 8-amylase suggests that 
some undegraded amylose contaminated the limit dextrin and caused the 
blueness of the color as well as the tendency to retrograde. This can be 
demonstrated with purified fractions. In Fig. 13 are shown the spectra 
of amylopectin and amylose-amylopectin mixtures which had been treated 
with 8-amylase until the reducing power showed no increase for 2 hours. 
The pure amylopectin limit dextrin had a red iodine color corresponding 
to a chain length of 10 units. The mixture containing amylose was dis- 
tinctly lavender, and the curves show this to be due to the increase in 
absorption in the longer wave-lengths, which is as much as that expected 
from the curve in Fig. 8 corresponding to the same time of digestion (the 
third curve from the bottom). 
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Fig. 13. Absorption spectra of amylopectin (lower curve) and amylose-amylopec- 
tin mixture 1:4 (upper curve), both digested with 8-amylase. 


Relation of lodine Color to Structure of Branched Polysaccharides—The 
curve for amylopectin in Fig. 1 almost exactly corresponds to that of the 
14 unit polysaccharide in Fig. 12; in order to show this, the curve for amy- 
lopectin has been superimposed and represented by a dotted line. This, 
however, does not mean that 14 is the longest chain which occurs in amy- 
lopectin, since shorter chains would redden the color. The limit dextrin 
of amylopectin has a color corresponding to a 10 unit chain. This agrees 
well with data obtained from activation experiments (Paper III) showing 
that some of the inner segments are that long. It was hoped that mix- 
tures of limit dextrin with synthetic polysaccharides of different chain 
lengths would give some information on the lengths of the outer branches 
of amylopectin. The curves are shown in Fig. 14. The shape of the curve 
for amylopectin differs from that of the mixtures at the shorter wave- 
length, but from the loeation of the peaks and the absorption at longer 
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wave-lengths it may be estimated that the outer branches of amylopectin 
are close to 18 units. Meyer (9) has estimated them to be 15 to 18 units 
on the basis of experiments with degradation by 3-amylase. 

It seems probable that the branch point effectively limits the length of 
the chain in forming the iodine complex. It is unknown whether branch- 
ing has any other influence on the color formed. However, the results 
with amylopectin encourage the application of the same method to glyco- 
gen. ‘The absorption curve of the glycogen-iodine complex resembles that 
of a dextrin about 8 to 9 units long. ‘The limit dextrin has a very faint red 
coloration, suggesting that there are a few inner segments at least S units 
long. Again, this is in agreement with the data from the activation ex- 
periments. 
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Fic. 14. Absorption spectra of mixtures of amylopectin limit dextrin with syn 
thetic polysaccharides. Average chain length of the synthetic materials from the top 
downward, 29, 20, 18 glucose units. The dotted line, amylopectin 


SUMMARY 


The iodine complexes of amylose, amylopectin, and glycogen have been 
studied with the aid of a spectrophotometer. From changes in the spectra, 
which are the same but occur in reverse order during acid hydrolysis and 
enzymatic synthesis of amylose, it is concluded that the hue formed is 
mainly dependent on the length of the chain. Chains from 4 to 6 glucose 
units long give no iodine colors, those from S to 12 units give a red color 
with a peak at 520 my, followed by transitional colors until a length of 
30 to 35 units is reached, when the iodine color becomes blue with a peak 
at 600 mu. Chains as long as 50 to 150 units have been formed by the 
synthesizing action of potato phosphorylase, and these give absorption 
spectra closely resembling those of amylose. This relationship between 
chain length and iodine color has been applied to the branched polysac- 
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charides. It is estimated that amylopectin has some inner branches as 
long as 10 units, as shown by the absorption curve of its limit dextrin, 
while glycogen contains some inner branches as long as 8 units. From the 
absorption curve of a mixture of amylopectin limit dextrin with synthetic 
polysaccharides of known chain length, the outer branches of amylopectin 
are estimated to be about 18 units long. 

Hydrolysis of amylose by e-amylase gives changes in the absorption 
curves from blue to red similar to those produced by acid, although there 
is some indication that the enzymatic hydrolysis is not completely ran- 
dom. During hydrolysis of amylose by 6-amylase the height of the curve 
steadily decreases, but there is no shift in the peak from 650 my. The 
interpretation seems to be that B-amylase degrades | whole molecule com- 
pletely before attacking another, so that few if any intermediate red stain- 
ing dextrins are present in the reaction mixture at any one time. The 
same behavior has been observed when amylose is degraded by potato 
phosphorylase. 
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LETTERS TO THE EDITORS 


COUNTER-CURRENT DISTRIBUTION OF GRAMICIDIN 
Sirs: 


As a preliminary in the attempt to extend the method of counter-current 
distribution to the higher peptides, we have made a preliminary study of 
several preparations of crystalline gramicidin.'? The figure is a repre- 
sentative result. (1 gm. of substance; 100 transfers with alternate with- 
drawal’ in a 54 tube machine; system made from 7, 23, 15, and 15 volumes 
respectively of water, methanol, chloroform, and benzene.) 


ty at 290 Mz 


Iptical den: 


x 
0 0 20 DM 40 W 80 i100 
No of tube 


A theoretical curve’ (Curve 2) was fitted to one side of the major com- 
ponent. The result would appear to indicate that at least part of the 
major band had been separated as a pure component. Redistribution of 
the material in Tubes 46 and 47 gave essentially a theoretical curve. 

When crystallized from acetone, Fractions 26 to 34 combined gave rods 
which melted on the hot stage at 258-259°; Fractions 40 to 50 gave thin 


1 Hotchkiss, R. D., and Dubos, R. J., J. Biol. Chem., 141, 155 (1941). 

* Preparation kindly supplied by the Wallerstein Laboratories. 

} Craig, L. C., Hogeboom, G. H., Carpenter, F. H., and du Vigneaud, V., J. Biol. 
Chem., 168, 665 (1947). 

‘Williamson, B., and Craig, L. C., J. Biol. Chem., 168, 687 (1947). 
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leaves melting at 227—228°. ‘The first component, which was less soluble 
in organic solvents, will be called gramicidin B. The lower melting com- 
ponent will be called gramicidin A. None of the tractions occurring in the 
tubes to the right of the A band crystallized sharply. The distribution 
pattern indicated that all of these tubes contained mixtures. At least two 
components other than A and B are indicated. 

Analytically the various fractions were similar. All gave absorption 
spectra characteristic of tryptophan in the region of the ultraviolet, but 
with quantitative differences. Gramicidin A apparently contains 
greatest percentage of tryptophan, with B contaiing approximately 85 
per cent as much. The other fractions contained still less tryptophan. 

Hydrolytic experiments and paper strip chromatographic analysis’ have 
shown gramicidin A and B to contain glycine, alanine, valine, leucine, and 
tryptophan, but the fractions to the far right of the pattern apparently 
contain a small percentage of a band corresponding to tyrosine. 
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INFLUENCE OF e-PARTICLES ON THE IMMUNOLOGICAL 
PROPERTY OF ANTIGEN FILMS 


Sirs: 


In two previous notes,' it was shown that enzymes could act on films of 
antigen at a distance in spite of intervening blankets of inert material. In 
the cours’ of the work, which is to appear shortly, some very interesting 
facts concerning the action of a-particles on antigenic films were observed 
which have a bearing on long range forces. It was observed that one mono- 
layer of bovine albumin subjected to bombardment by a-particles from a 
polonium source (5 millicuries per sq. em.) would completely lose in less 
than 20 minutes its property of combining with homologous antibody. — It 
took 45 minutes, however, to inactivate one double layer, and 135 minutes 
were not sufficient to inactivate three double layers or six monolayers. 
Since the relative loss of cnergy of a-particles in going through a few layers 
of proteins (S A per layer) is neglizible, it must be concluded that the 
amount of energy required to inactivate multilayers is much larger than 
that required to inactivate a single layer. The loss of the ability of the 
films to react with homologous antibody following the bombardment with 
a-particles may be interpreted as due to a rearrangement of groups in the 
protein molecules. If the layer of protein is directly exposed to the a- 
particles, rearrangement can occur much more readily than if it is covered 
by other lavers which hinder rearrangement. The degree of freedom of 
underlying lavers is more restricted than that of the top layer, hence the 
greater stability of multilavers. It was found that thin blankets of Form- 
var, or heterologous protein, acted as good protectors against inactivation 
by apart icles, protem films being definitely better protectors than Formvar 
films. One monolaver of bovine albumin coated with one monolayer of 
egg albumin kept its immunological reactivity intact following a 20 minute 
irradiation. The thickness of the layer of antibody specifically adsorbed 
on six monolavers of bovine albumin was about 40 A after a 2 hour irradia- 
tion compared to ISO A without irradiation. But, if a blanket of Formvar 
100 A thick was deposited on the lavers before a-particle bombardment, 
the thickness of the antibody layer adsorbed after removing the blanket 
was not 40 A but 80 A. If six deposited up layers (7) of bovine albumin 
covered with a blanket of Formvar SO A thick are irradiated for 2 hours, 
thev completely lose their capacity for reacting with antibody through the 
blanket. Uf, however, the blanket is removed before antiserum treatment, 
100 A of antibody ean still be adsorbed. It was found? that without ir- 


tRothen, A., J. Biol. Chem., 163, 345 (1946); 167, 209 (1047 
>Rothen, A., J. Biol. Chem., 168, 75 (1947). 
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radiation six up layers of bovine albumin can adsorb 100 A of antibody 
when they are covered with an 80 A Formvar blanket, and 180 A of anti- 
body if there is no blanket. In other words, following irradiation, a system 
of six up layers is found to have lost its capacity to react through 80 A of 
Formvar, although it can still adsorb a large thickness of antibody when 
the blanket has been removed. It can also be seen that this change cannot 
be interpreted simply as the inactivation of the one or two topmost layers, 
leaving the other layers unaltered for the following reasons: (1) A system 
of two double layers of bovine albumin can adsorb 50 A of antibody when 
covered with a Formvar blanket 80 A thick, and 100 A when there is no 
blanket. (2) A system of one double layer or even one monolayer can 
still adsorb a measurable amount of antibody in spite of a blanket 80 A 
thick. 

Consequently an irradiated system of six up layers does not behave as 
if it consisted of a sum of individual active and inactivated layers. Bom- 
bardment with a-particles abolishes first the long range reactivity of the 
system. This might be understood in the sense that the degree of coopera- 
tion between the molecules of each layer and between the lavers themselves 
is disrupted by the bombardment. ‘These experiments thus bring new 
evidence for specific long range forces between macro molecules, and they 
also open a new vista on the action of a-particles on biological systems. 
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GROWTH-PROMOTING ACTIVITY OF GUANINE FOR THE 
PURINE-DEFICIENT NEUROSPORA 28610* 


Sirs: 


Analyses of ribonucleic acid for adenine with the adenine-deficient 
Neurospora mutant 28610 have given values about twice as large as those 
expected from the tetranucleotide theory.':° Inasmuch as guanine and 
the pyrimidine components of mbonucleic acid showed no growth-promoting 
activity for this mutant, the conclusion seemed justified either that the 
amount of adenine in ribonucleic acid was larger than the commonly ac- 
cepted value or that another growth-promoting compound, possibly hypo- 
xanthine, was present. We have now found that, although this mutant 
will not grow on basal medium supplemented with guanine alone, mixtures 
of adenine and guanine produce more growth than that expected from the 
amount of adenine used. 

Guanine was utilized as efficiently for growth as adenine provided the 
molar ratio of guanine to adenine did not exceed 0.6. As this ratio was 
increased beyond 0.6, however, guanine was less efficiently utilized. Over 
the range from 0.) to 1.5 equivalents of guanine per equivalent of adenine 
the effect was relatively constant, giving an amount of growth correspond- 
ing to about 1.7 trmes the true adenine value. When 2 to3 times as much 
guanine as adenine was used, the adenine value for growth was approxi- 
mately twice that expected from the adenine present. The results of a 
typical experiment in which the amount of adenine used in 25 ml. of basal 
medium was 0.1 mg. and the molar ratio of guanine to adenine was varied 
from 0 to 3 are given in the accompanving table. 

It is evident trom these experiments that this mutant strain cannot be 
used for adenine assay without qualification if both adenine and guanine 
are present. As the growth response is additive when the equivalent ratio of 
guanine to adenine is 0.6 or less, the amount of adenine present can be 
estimated under these conditions from the amount of growth obtained. 
An independent method must be used, however, to determine the amount 
of guanine present, and to show that the amount is less than one-third of 
the total adenine value indicated by the mold. 

The supplementary growth effect of guanine for mutant 28610 accounts 
in part for the high adenine values found previously for samples of ribo- 


* Aided by a grant from the Rockefeller Foundation. 

1 Mitehell, H. K., and Houlahan, M. B., Federation Proc., 3, 370 (1946). 

? Loring, H. S.. Ordway, G. L., Roll. P. M.. and Pieree,. J. G., Federation Proc., 
6, 510 (1947). 
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nucleic acid by mold assay.':* As the ratio of guanine to adenine in these 
samples is not within the optimum range for more precise adenine deter- 
minations, the amount of adenine in nucleic acid cannot be readily deter- 
mined by this method. 

The fact that the Veurospora mutant 28610 utilizes guanine for growth 
only when adenine is also present indicates that this mold is deficient in 


Growth-Promoting Activity of Guanine in Presence of 0.1 Mg. of Adenine 


| Growth (as adenine) 


Guanine added Growth of mold Growth as adenine , 
Adenine present 
equivalents me. 

0 11.1 OOS 0. OS 
0.25 13. O.127 
0.50 16.2 0.153 | .53 
0.75 17.5 16S 16S 
1.00 17.0 0.16) 1.6 

1.25 | 17.8 0.170 1.70 
1.50 | 17.3 0.165 1.65 
2.00 20.5 0.205 2.05 
3.00 19.1 0.106 1.06 


the ability to synthesize guanine as well as adenine. When adenine alone is 
available for growth, it appears likely that it is in part converted to guanine. 
As shown by Brown et al.3 with adenine containing isotopic nitrogen, the 
white rat converts adenine in the diet to nucleic acid guanine. The uti- 
lization of adenine for guanine synthesis by .Veurospora as well indicates a 
more wide-spread significance for this conversion in purine biosynthesis, 


Department of Chemistry and the School of Medicine tr BERT SS. LORING 
Stanford University James L. Fatruny, Jr 
California 
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THE REVERSAL OF THE BACTERIOSTATIC ACTION OF 
STREPTOMYCIN BY UREA 


Sur 8? 


The bacteriostatic effect of streptomycin on E. coli and A/. tuberculosis 
607 and H37RV can be antagonized by a number of purines and pyrimi- 
dines. ‘These include xanthine, uric acid, allantoin, alloxan, and parabanic 
acid. It seemed possible that these compounds might give rise to urea. 
If such were the case, urea should antagonize the effect of streptomycin and 
the effect should be demonstrable sooner than when the urea precursors 
areused. These two conditions were fulfilled and the table shows the reversal 


Reversal of Bacteriostatic Action of Streptomycin by Urea 
Density® at 48 brs. M. tuberculosis 607 in Tween medium) 


Streptomycin con- | Urea concentration; mg. per cent 
centration, micro | 
grams per cent 


0 3.1 6.2 12.5 25 SU 100 

() 2.4 9.1 | Fs 
Ww | 

| 

| 

* Density = (2 — log 7) 100 


of the streptomycin inhibition by urea on the growth of J/. tuberculosis 607. 
Streptomycin HCl (Merck) was used and the organisms grown in 10 ce. 
of T'ween medium! without albumin. ‘Tubes were inoculated with 0.5 ce. 
of a 1:20 dilution of a 6 day-old culture grown in the same medium. Tur- 
bidities were read in the Evelyn photoelectric colorimeter with a No. 420 
filter. 

If asparagine in the ‘T'ween medium is replaced by 0.1 per cent urea as 
the nitrogen source, 700 micrograms per cent of streptomycin are required 
to inhibit growth completely, whereas 25 micrograms per cent produce this 
effect in the asparagine medium. During growth urea disappears and, 
since these bacteria apparently contain no urease, urea may be used as 


such for synthesis of purine and pyrimidines needed by the organism. 
Thiourea will not reverse the streptomycin inhibition and is itself bacterio- 
static in concentrations of 50 to 100 mg. per cent. 


1 Dubos, R. J., ef al., Am. Rev. Tuberc., 54, 204 (1946). 
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Similar results were obtained with /. coli (American ‘Type Culture Collee- 
tion, No. 6522) grown on a synthetic medium.’ Preliminary results with 
M. tuberculosis H37RV indicate that the same mechanism may occur in 
these organisms as well. 


Department of Physiology and Pharmacology Roper Jo 
Duke University School of Medicine BERNIEIM 
Durham, North Carolina 
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INTRACELLULAR STRUCTURES AND THE FATTY ACID 
OXIDASE SYSTEM OF RAT LIVER 
Sirs: 

In an earlier investigation it was shown that enzymatic oxidation of 
octanoate occurred in saline suspensions of washed particulate matter 
separated from saline homogenates of rat liver by centrifugation, when 
these were supplemented with adenosine triphosphate and Mgt*.' These 
preparations also catalyze the reactions of the Krebs tricarboxylic acid 


eycle. Further study of the properties of the enzyme complex has revealed 
that the oxidation of octanoate requires the presence of cytochrome c, 


Fatty Acid Oxidase Activity of Subcellular Fractions 
Warburg vessels contained final concentrations of 0.0005 « ATP, 0.005 m MgSO,, 
005“ KCI, 1 & 1075 evtochrome c, 0.01 mM phosphate buffer, pH 7.4, 0.0005 
malate, and 0.001 vw ooctanoate or water, 0.90 ml. of water suspensions of fractions 
indieated, and water to make 5.0 ml. 7° = 30°; time, 1.0 hour. Data in micromoles. 


_Octanoate Acetoace- 


Enzyme source | Octanoate | Os uptake removed |tate formed 
| | | 

| 
Saline-washed particles | | 
| + 13.6 
15.4 
Nuclei + | 0.1 
Microsomes ae 2.8 0.1 
Mitochondria from saline washed particles 0.2 
+ 14.9 5.0 6.1 


inorganic phosphate, certain neutral salts such as NaCl, KCl (or certain 
nonelectrolytes such as sucrose), and catalytic amounts of malate or ox- 
alacetate, in addition to adenine nucleotide and Mg**.?: 

The behavior of the enzyme preparations toward water and solutions of 
salts or non-electrolytes suggested that the activity was dependent on the 
integrity of some organized intracellular structure present in the prepara- 
tions. Accordingly, we have examined the fatty acid oxidase activity of 
various particulate fractions such as nuclei, “large granules,’’ microsomes, 
etc., which are separable from rat liver homogenates by differential centri- 
fugation. We have found that all of the demonstrable fatty acid oxidase 
activity of rat liver can be recovered in that fraction of 30 per cent sucrose 


! Lehninger, A. L., J. Biol. Chem., 161, 437 (1945). 
? Lehninger, A. L., and Kennedy, E. P., unpublished work. 
Potter. V. R., J. Biol. 163, 437 (1946). 
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homogenates of rat liver stated by Hogeboom et al.‘ to consist of morpholog- 
ically intact mitochondria, free of extraneous intracellular elements. No 
activity could be detected in other fractions. ‘Typical data are shown in 
the table. These preparations also catalyze reactions of the Krebs cycle 
with coupled phosphorylations. 

Since these findings suggested that the saline-washed material previously 
studied! contained mitochondria, such a preparation was subjected to the 
same procedure used for the isolation of mitochondria from whole liver. 
The material recovered appeared to be identical with mitochondria ob- 
tained from whole liver and was highly active, as the data in the table 
show. 

The localization of such highly integrated enzyme svstems in organized 
intracellular elements is not only of cytochemical interest but poses certain 
problems in the further study of the mechanism of these oxidations. 


Departments of Biochemistry and Surgery P. KeNNeEbyY 
University of Chicago ALBert L. Leunincer 


Chicago 
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THE ANTAGONISM OF ANTIBACTERIAL ACTION OF ATABRINE 


Sirs: 

Naturally occurring polyamines and several B vitamins can partially 
antagonize the inhibitory effects of atabrine in the growth of Escherichia 
coli.':* It was indicated that natural materials contain a substance or 
substances capable of completely negating the inhibitory effects of atabrine.' 


Atabrine concentration per tube 


Addition 0  O.5 mg. 0.75 mg. 


Time required for visible growth 


hrs. hrs. hrs. 
None 1.5 +4 >4S 
20 mg. Bacto peptone’ 1.5 20 > 4S 
5 enzymie lactalbumintf 1.5 6.0 
ash equivalent to 5 mg. 1.5 6.5 
original material 
0.4 mg. enzymic lactalbumin; ash equivalent to lO mg. 1.5 1.5 5.5 
original material 
0.2 mg. CaCl. (= 72.2 Ca) 1.5 
(> 144.4 ** 1.5 15 
0.2 * MeCl. (| 51.1 Mey) 15 5.0 7.5 
1.5 14 >4s 
1.3 10) > 48 


Basal medium, Bacto-peptone L per cent, NaCl per cent, glucose 0.2 per cent; 
volume 5.0 ml.; initial pH after additions 7.45; incubation temperature, 30°. inoe 
ulum, drop of 24 hour broth culture of eed: diluted 1: 1000; ash content of enzyvmie 
lactalbumin per cent; all salts Mallinckrodt, reagent grade 

* Contains 0.2 y per mg. of Ca; 0.6 y per mg. of Me. 

t Contains 12.1 per mg. of Ca; 2.0% per me. of Me. 

This study has recently been resumed, and in a survey of natural ma- 
terials for the occurrence of atabrine antagonists, high activity was found 
in a sample of enzymatically digested lactalbumin? The activity of this 
material was not destroved by prolonged autoclaving at pH 3.0 or 9.0. 
At the suggestion of Dr. John C. IKeresztesy of this laboratory, a portion 
of it was ashed. The greater part, if not all, of the activity has been found 
in the ash. The results are shown in the table. 


Silverman, M.. and bovans, A. Jd. Biel. Chem.. 154, (1944). 
>NMiller. A. K.. and Peters, L.. Arch. Biochem ,6, 281 (1945 
? Lactalbumin hvdrolvsate ‘enzvmie >, Nutritional Biochemicals Corporation 
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Inasmuch as calcium as CaCl effectively antagonizes the growth in- 
hibition of atabrine, it appears that the activity of the enzymic lactalbumin 
and its ash, under the indicated experimental conditions, is largely due to 
its high calcium content. Magnesium as the chloride is about as effective 
as calcium. 

Under the growth conditions described, calcium will also antagonize the 
growth inhibition of #. coli by the cyanine dye, 1,1'-dimethyl-2,2’-cyanine 
chloride.* 


Division of Physiology MILTON SILVERMAN 
National Institute of Health 
Bethesda, Maryland 
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AN IN VIVO EFFECT OF PTEROYLGLUTAMIC ACID UPON 
TYROSINE METABOLISM IN THE SCORBUTIC 
GUINEA PIG 


Sirs: 


Phenolic compounds are increased in the urine of patients with untreated 
pernicious anemia’ and liver suspensions from pteroylglutamic acid-de- 
ficient rats are better able to oxidize tyrosine after the addition of PGA.? 
These observations led us to study the effect of this vitamin upon the 
metabolism of tyrosine in the scorbutic guinea pig.’ 


| Successive days 


Daily | Urinary excre- 


Agent dose tion® Pretreatment | Treatment Post treatment 

| | —2 | -1 1 | 2 3 4 5 6 7 
| | | | 

Ascorbic | 10 | “Tyrosyl’ 59.8! 46.1] 15.3) 7.5) 3.4) 4.4) 3.9) 21.1] 43.9 
acidt | Keto acid 34.5) 22.0] 6.0) 0.6) 0.2! 0.2] 0.1] 7.2] 25.2 
PGA “Tyrosyl”” 67.7/ 65.4) 58.9) 10.7) 5.8} 7.9) 5.6) 5.1) 51.7 
Keto acid 30.0, 24.3) 31.4; 3.3) 0.5) 0.6) 0.3] 0.8] 28.2 
15 ‘Tyrosyl”’ 65.5 63.9) 4.6! 23.9) 5.6} 5.1} 6.2) 12.6) 44.7 
Keto acid 36.8 25.9) 19.0) 0.2 0.1) O.1; 4.7) 23.9 
5 “Tyrosyl” 43.5] 31.8! 57.8] 32.2) 4.1] 10.3} 32.6} 26.3) 32.0 
Keto acid 20.8) 11.6) 28.01 14.6) 0.1} 2.4) 14.9) 10.7) 15.0 
“*Tyrosyl’ 75.5 94.5, 83.0. 41.2! 61.5) 60.3' 52.4! 49.1! 64.6 
Keto acid 47.3) 42.8| 48.9] 23.0; 26.0) 27.2) 25.3! 22.11 33.0 


*<Tyrosyl"’ was measured as tyrosine, and keto acids were measured as phenyl- 
pyruvic acid. Both are expressed as per cent of added tyrosine ingested. 
t Average of data on three guinea pigs. 


Albino guinea pigs of both sexes, 150 to 350 gm. in weight, were fed a 
scorbutigenic diet* to which had been added 5 per cent L-tyrosine. The 
24 hour urinary excretion of tyrosyl derivatives’ and keto acids’ was deter- 
mined. After stabilization of the excretion of these metabolites at ab- 
normally high levels, PGA or ascorbic acid was given orally for 4 consecutive 


1 Swendseid,. M. E.. Burton, I. F., and Bethell, F. H., Proce. Soc. Kap. Biol. and 
Med., 62, 202 (1943). 

* Rodney, G., Swendseid, M. E., and Swanson, A. L., J. Biol. Chem., 168, 395 (1947). 

> Sealock, R. R., and Silberstein, H. E., J. Biol. Chem., 135, 251 (1940). 

‘Darby, W. J., DeMeio, R. H., Bernheim, L. C., and Bernheim, F., J. Biol. Chem., 
158, 67 (1945). 

§ Folin, O., and Ciocalteu, V., J. Biol. Chem., 73, 627 (1927). 

§ Friedemann. T. E., and Haugen, G. E., J. Biol. Chem., 147, 415 (1943). 
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days. During the experimental period the food intakes of the animals in 
the several groups were comparable. Results of one set of experiments 
are tabulated in the table. The decrease in excretion has been observed 
in ten successive curative attempts. The poorest result observed is in- 
cluded in the table. In two additional groups of guinea pigs on the same 
diet 5 mg. of PGA subcutaneously or 10 mg. of ascorbic acid orally were 
administered 3 times a week in order to test whether the defect could be 
prevented. From the 5th to the 26th day on the diet, which afforded an 
average daily intake of about 450 mg. of tyrosine, 24 hour collections of 
urine were made at intervals of 4 to 7 days. In the control group the ex- 
cretion of ‘‘tyrosyl” and keto acid was 45 and 21 per cent of added tyrosine 
respectively; the corresponding values in the group receiving ascorbic acid 
were 8.2 and 1.6 per cent, and in the group receiving PGA they were 19.8 
and 5.4 per cent. 

This defect in tyrosine metabolism is influenced by either PGA or ascorbic 
acid. 


Department of Pediatrics and Division of Nutrition of the Carvin W. Wooprurt 
Departments of Biochemistry and Medicine Wititam J. Darpy 
Vanderbilt University School of Medicine 
Nashville 
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URIC ACID DIABETES 


Sirs 


Diabetogenic doses of alloxan lower blood reduced glutathione levels in 
rats from an average of 43 to 25 mg. per 100 gm. of blood.! Ninhydrin, 
though non-diabetogenic,? also lowers blood glutathione to very low levels.’ 
These observations suggested that uric acid, parenterally administered, 
might exert a diabetogenic action if blood reduced glutathione were low- 
ered before injection. This has been tested by feeding adult rabbits the 
methionine- and cystine-deficient diet deseribed by Haag and Wright,?® 


250 


BLOOD SUGAR IN MILLIGRAMS DER CENT 


TIME IN HOURS 

big. |. Curve A, average response of four methionine- and evstine-deficient rab 
bits to an intraperitoneal injection of | gm. per kilo of urie acid. Curve B, average 
response of three normal rabbits to an intravenous injection of 200 mg. per kilo of 
alloxan monohydrate. Curve C, average response of four rabbits on the deficient 
diet, but given a methionine supplement, to an intraperitoneal injection of 1 gm. 
per kilo of une acid. Curve 1D), blood sugar levels of a methionine. and eystine 
deficient rabbit fed a standard laboratory diet and fresh lucerne. 


modified by replacement of veast by synthetic vitamins and by inclusion 
of 0.1 per cent ascorbic acid. 

During 6 to 7 weeks the blood glutathione fell from an average initial 
value of 38 to IS to 23 mg. percent. In one case the lowering was hastened 
by eliminating protein from the diet for 2 weeks. Intraperitoneal injec- 
tion of | gm. per kilo of urte acid into these deficient animals caused an 
initial hyperglycemia, lasting about 8 hours. After 24 hours the blood 
sugar levels were at or below the control level. From the 24th to the 48th 

Briickmann, and Werthemmer, ./. Biol. Chem., 168, 241 (1947). 


‘Haag. J. Ro. and Wright. L. Nate. 19, 565 C140), 
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hour blood sugar slowly rose to hyperglycemic levels (Fig. 1, Curve A). A 
standard laboratory diet and fresh alfalfa were then fed to the animals. 
They remained hyperglycemic and glycosuric for the next 4 to 5 days. 
Thereafter normal blood sugar levels were regained. 

The same sequence of events followed intravenous injection of 200 mg. 
per kilo of alloxan monohydrate into normal rabbits on the standard diet 
(Curve B). 

The blood reduced glutathione of rabbits fed the deficient diet plus a 
supplement of 0.2 per cent methionine remained above 30 mg. per cent. 
Injection of uric acid into these animals induced an initial hyperglycemia 
lasting about 4 hours but no prolonged secondary hyperglycemia developed 
(Curve C). Feeding of the standard diet and alfalfa to a deficient rabbit 
had no effect on blood sugar levels. 

It is with pleasure that the writer acknowledges his indebtedness to Dr, 
I’. W. Clements for his advice on diets. 


Australian Institute of Anatomy Mervyn GRIFFITHS 


Canberra, Australia 
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THE INHIBITORY ACTION OF IODIDE UPON ORGANIC 
BINDING OF IODINE BY THE NORMAL THYROID 
GLAND 


Sirs: 


The dramatic but paradoxical action of iodine in inhibiting thyroid 
activity in Graves’ disease has not as yet received a satisfactory explana- 
tion. It has generally been assumed that this inhibitory effeet occurs 
only in the hyperactive gland. It is shown here, however, that plasma 
iodine in large enough concentrations will block organie binding of iodide 
in the normal thyroid gland. Thus thyroid tissue is inhibited by iodine 
regardless of its state of activity. 


Each thyroid value represents the average of five or six determinations on as 
many rats. 


Interval after injection 


2.5 hrs. 5 hrs | 12 hrs 25 hrs. 50 hrs. 
|S | & | & | & | | sage 
| g= | B55 | | S555 | | 2535 | | 2525 | 32 | 
Y per Y per Y per ? Yy per | y per | ° 
10 4.9; 2.1 4.0; 5.7 4.2 1.4 3.8 3.1 4.6; 2.0 
5O | 0.19 34 0.19 15 3.5 5.1 3.5 
100, BY 0.12 | 4 0.24 22 1.9 Is 3.4 48 
200 0.12 | 93 0.12 0.24 6.7 6.1 


Rats were injected intraperitoneally with either 10, 50, 100, or 200 y of 
iodine as IKXI labeled with 14". At the intervals indicated in the table, blood 
was removed by heart puncture from the five or six rats of each group 
and their plasma pooled for duplicate analyses of total iodine.' Thyroid 
glands were excised, weighed rapidly, and ground with | ml. of cold 10 per 
cent trichloroacetic acid in an all-glass homogenizer. The precipitate was 
then washed twice with 2.5 ml. of 5 per cent trichloroacetic acid and dis- 
solved in a minimal amount of 2 N NaOH. Radioactivity of the organic 
fraction (trichloroacetic acid-insoluble) was measured with the aid of a 
Geiger-Miiller counter. The amount of I'*’ organically bound was ob- 


' Taurog, A., and Chaikoff, lL. L., J. Biol. Chem., 168, 313 (1946). 
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tained by multiplying the numerical proportion of the radioactivity re- 
eovered in the organic fraction by the number of micrograms of I'*? injected, 

As early as 2.5 hours, 2 y of iodide were organically bound by the thyroid 
glands of the rats that had been injected with the smallest amount of iodide, 
namely 10 y. In contrast, the rats that had received 50, 100, or 200 
failed to bind organically significant amounts of the administered iodide 
even as late as 5 hours; 7.c., ata time when the 10 y group had already bound 
approximately 6 y of the administered iodide. The most striking effect 
was seen in the 200 y group in which practically none of the injected iodide 
had been converted to organic iodine as late as 12 hours after the injection, 
Thus, during the early intervals, the thyroids of rats that had received 
10 y of iodide incorporated far greater amounts into the organic fraction 
than did those that had available 5 to 20 times as much iodide. 

The inhibitory action observed here is related to the level of plasma 
iodine, for, when the latter reached values in the neighborhood of 15 to 25 
per cent, organically bound iodine rapidly appeared in the thyroids (see 
the table). 

These findings as well as the 7m vitro effects reported earlier? point directly 
to an interference by excess iodide upon the mechanism responsible for 
organic binding of iodide. ‘There appears to be escape from this inhibition 
when the total plasma iodine drops to values near 15 to 25 y per cent. 


Division of Physiology J. Wourt 
l niversity of California Medical School I. L. Cuaikor 
Berkeley 


Received for publication, January 5, 194s 


— 


? Morton, M. Chaikotf, L., and Rosenfeld, 8., J. Chem., 164, 381 (1944.) 


4 
> 
4 
; i 
ad ¥ 
‘4 


AN a-CELL HORMONE OF THE ISLETS OF 
LANGERHANS*. 


Sirs: 


A second hormone of the islets of Langerhans, elaborated by the a-cells 
and acting antagonistically to insulin, has long been suggested by (a) the 
many reports in the early insulin literature of a preliminary hyperglycemic 
action of certain relatively crude preparations of insulin protein,! (6) the 
more recently recognized histological appearance of the a-cells, which ex- 
hibit the granulation characteristic of endocrine function, (c) the reduction 
of the hyperglycemia, the development of ketosis, and the fatal termination 
which follow removal of the pancreas in the alloxan-diabetie dog,? and (d) 
clinical data in “‘diabetes mellitus’? which cannot be reconciled with ab- 
solute hypoinsulinism. 

In a search for active extracts of the suspected a-cell hormone, we have 
examined the physiological properties of various pancreatic fractions in 
the course of separation of crystalline zine insulin® and have succeeded 
consistently in obtaining preparations which cause liver glycogenolysis 
(in vivo and in vitro) and hyperglycemia. 

The supernatant solution from the first isoelectric precipitation of in- 
sulin® was concentrated 10-fold im vacuo at room temperature and the in- 
sulin inactivated by boiling (20 minutes) at pH 9.5 to 9.7 (with rejection of 
the formed precipitate. The table shows the effect of intraperitoneal in- 
jection of the filtrate into intact fed rats (2 ml. (14 mg. of nitrogen) per 
animal; each figure represents the average of seven animals (glycogen) or 
four animals (sugar); the controls were injected with 2 ml. of a 1 per cent 
solution of casein). 

The observed maximum differences are statistically significant and the 
above pattern has been reproduced many times with different strains 
of rats and with different pancreas extracts. In efforts to purify the active 

* Communicated to the Canadian Physiological Society, October 25, 1947. 

We are greatly indebted to Dr. D. A. Seott and Dr. A. Fisher, Connaught Labo- 
tatories, Toronto, for the generous provision of starting materials, and to Mr. D. 
Macfarlane for skilful assistance; in support of the investigation we gratefully aec- 
knowledge the help of the Banting Research Foundation, the Associate Committee on 
Medical Research of the National Research Council, Ottawa,the Committee for Re- 
search in Endocrinology of the National Research Council, Washington, and the 
Sugar Research Foundation 

' Burger, M., and Kramer, H., Arch. kp. Path. u. Pharmakol., 156, 1 (1930). 

2 Thorogood, and Zimmermann, B., Endocrinology, 37, (1945). 

Romans, KR. G., Seott, D. A., and Fisher, A. M., Ind. and Eng. Chem., 32, 
WON (1940) 
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material, comparable potency has been attained in preparations contain- 
ing 2 mg. of nitrogen per rat dose. Stored without preservative at 4° and 
pH 9.5, crude extracts lose considerable activity in 8 to 10 days; purified 
preparations are more labile (1 to 5 days). 


: Liver glycogen | Blood sugar 

: Control | Experimental | Control Experimental 

pre gm. per ceni gm. per cent me. per cent me. per cent 5 

0 3.78 3.78 106 106 

20 3.75 2.55 | 112 162 

40 3.13 1.75 105 193 

60 3.08 1.22 100 160 

GO 


2.65 1.54 105 | 122 


Incubation (37°; 1 hour) of active extract with rat liver slices (Ringer- 
phosphate medium) increascs oxygen consumption and releases 20 to 30 
per cent more glucose than untreated controls. Large doses fail to alter 
the blood pressure of the atropinized cat. Similarly prepared extracts of 
muscle or liver could not be shown to affect liver glycogen or blood sugar. 
These control observations tend to preclude non-specific action, or media- 
tion through the adrenal or anterior pituitary. 


Department of Biochemistry R. D. H. Hearn 
McGill University Lozinski 

(‘harles k. Frosst and Company L.. STEWART 
Montreal, Canada R. D. SveWarT 
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Lunch, 107 
Musele glutamine, deficiency, effect, 
Christensen and Lynch, 107 
ulycine, deficieney, effect, Chris- 
tensen and Lynch, 107 
Atabrine: Antibacterial action, antago- 
nism, Silverman, 849 
Azide: (‘ytochrome c-, complex, Ho- 
recke and Stannard, 589 
(‘ytochrome oxidase, effect, tm vitro, 
Stannard and Horecker, 599 

B 


Bacillus: See also Lactobacillus 
Bacteria: Atabrine effect, Szrlverman, 
849 

See also Clostridium 

Benzoquinoneacetic acid: Iixcretion, 
hvpovitaminosis (, relation, Fish- 
herg, 155 
Bicarbonate: Lactobacillus arabinosus 
ylutamie acid metabolism,  réle, 
Waelsch, Prescott,and Berek, 343 
Biotin: Lactobacillus  arabinosus  me- 
tabolism. relation, Potter and El- 


vehjem, 531 
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Blood: Chloride, determination, iodomet- 


ric, Stiff, 695 
Citric acid determination, colorimet- 
ric, Wolcott and Boyer, 729 


Blood cell(s): Red, protoporphyrin, de- 
te-mination, microspectrophotomet- 
ric, Grinstein and Wintrobe, 459 

—, —, pyridoxine deficiency, effect, 


Cartwright and Wintrobe, 597 
Blood plasma: Accelerator globulin, 
Ware and Seegers, 699 


Citric acid determination, colorimetric, 
Wolcott and Boyer, 729 
Copper, pyridoxine deficiency, etlect, 


Cartwright and Wintrobe, 557 
Iron, pyridoxine deficiency, eftect, 
Cartwright and Wintrobe, 557 


Blood serum: Albumin, organic anions, 
combination, Duggan and Luck, 205 

; , —, urea denaturation etfect, 
Duggan and Luck, 205 
Fractionation, methanol and ultrafil- 
tration, Quigley, 713 
Vitamin A, vitamin A supplements, 
effect, Parrish, Wise, and Hughes, 


| 355 
Blood sugar: Acetoacetate effect, 77d- 
welland Axelrod, 179 


Brain: Hydrolecithin, isolation and iden- 


tification, Thanghauser and Bon- 
coddo, 135 
Sphingomyelin fatty acids, Thann- 
hauser and Boncoddo, 141 
Bryophyllum: Leaf, isocitric acid, prep- 
aration, Pucher, Abrahams, and 
Vickery, 579 


C 


Cabbage: Leaves, phosphorus-contain- 
ing lipides, phospholipide-splitting 
enzyme, relation, Hanahan and 
Chaikoff, 191 

Calcified tissue: Metabolism, calcium 
and phosphorus radioisotopes in 
study, Armstrong and Barnum, 199 

Calcium: Radioisotope, calcified tissue 


metabolism, use in study, Arm- 
strongand Barnum, 199 
Carbon: Urea, source, Mackenzie and 
du Vigneaud, 353 


INDEX 


Casein: Heat-processed, lysine, effect, 


Pader, Melnick, and Oser, 763 
Catalase: Action, acceleration, Kreke 
and Maloney, 317 


Cell(s): Tissue, amino acids, amino acid 


ingestion, effect, Christensen, 
Streicher, and Elbinger, 515 
Chloride(s): Blood, determination, io- 
dometric, Stiff, 695 
Chloromycetin: Isolation and character- 
ization, Bartz, 445 
Chlorophyll: Protoporphyrin as _ pre- 
cursor, Granick, 717 
Cholesterol: Formation, :-cholestery] 
methyl ether relation, MWeKennis, 
313 


Cholesteryl methyl ether: :-, cholesterol 
formation, relation, WcekKennis, 


313 

Choline: Acetylase, \Vachmansohn and 
Weiss, 677 

—, citric acid effect, Nachmansohn and 
Weiss, 677 
Citric acid: Blood, determination, color- 
imetric, Wolcott and Boyer, 729 

— plasma, determination, colorimet- 
ric, Wolcott and Boyer, 729 
Choline acetylase, effect, Nachman- 
sohn and Weiss, 677 
Iso-, Bryophyllum leaf, preparation, 


Pucher, Abrahams, and Vickery, 
579 
Clostridium kluyveri: Iknergy metabo- 
lism, fattv acid synthesis, relation, 


Bornstein and Barker, 659 
Conalbumin: Separation and character- 
ization, Bain and Deutsch, 47 


Copper: Blood plasma, pyridoxine de- 
ficiency, effect, Cartirright and Win- 


trobe, 557 
Corn: Steep liquor, amino acids, de- 
termination, microbiological, Car- 
dinal and Hedrick, 609 
Corticosterone: 11-Dehydro-,  metabo- 
lites, Mason, 783 
Creatine: Metabolism, isotopic nitrogen 
in study, Hoberman, Sims, and 
Peters, 45 


Creatinine: Metabolism, isotopic nitro- 
gen in study, Hoberman, Sims, and 
Peters, 45 


| 

| 

| 

| 
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Cyanide: Cytochrome oxidase, effect, 
in vitro, Stannard and Horecker, 
599 

Cyclophorase: System. Green, Loomis, 
and Auerbach, 389 


—, pyruvic acid oxidation to carbon 
dioxide and water, relation, Green, 


Loomis, and Auerbach. 389 
Cytochemistry: Tissue, Hugeboom, 
Schneider, and Pallade, 619 
Cytochrome: c-azide complex, Horecker 
and Stannard, 

c, liver fractions, Schneider, Claude, 
and Hogeboom, 451 
Oxidase, azide effect, in vitro, Stan- 
nard and Horecker, 599 

~, eyanide effect, tn vitro, Stannard 
and Horecker, 599 


D 


Dehydrocorticosterone: |!., metabo- 
lites, Mason, 7R3 
Dehydroisoandrosterone: A*®-Andros- 
tene-3(3),17(a@)-diol isolation, liver 
relation, Schneider and Mason, 771 
Androstene - 3(3),16(8),17(a@)-triol 
isolation, liver relation, Schneider 


and Mason, 771 
Diabetes: Uric acid, Griffiths, 853 
Dihydroxyphenylalanine: Oxidation, ty- 

rosinase, mechanism, Mason, 83 
Drosophila: Growth, nucleic acid effect, 

Villee and Bissell, 59 

E 
Electrolyte(s): Nerve-fibers. penetra- 

tion, Rothenberg and Feld, 345 
Enzyme(s): Iivaluronic acid hydrolysis, 

kinetics, Dorfman, 377 

Liver protein and, inanition effect, 

Miller, 113 


Pantothenic acid determination, use, 
Buskirk, Bergdahl, and Delor, 671 
Phosphate transfer, mechanism, A rel- 
rod, 1 
Phospholipide-splitting, cabbage 
leaves, phosphorus-containing lip- 
ides, relation, Hanahan and Chaikoff, 
191 


Enzyme(s)—continued: 
Polysaccharide degradation, Swanson, 
805 
Pteroylglutamic acid transformation, 
relation, Aalekar and Klenow, 351 
Riboflavin determination, fluoromet- 
ric, use, Watts, Peng, and Essel- 


baugh, 707 

lrea synthesis, steps, Cohen and 
Hayano, 405 

See also Acetylase, Catalase, Cyclo- 
phorase, Hyaluronidase, 
Oxidase, Phosphatase, Phosphory- 
lase, Succinoxidase, Trypsin, Tyro- 
sinase 


Erythrocyte: See Blood cell, red 
Eryx thebaicus: See Snake 


Esterase: Trypsin, Schwert, Neurath, 
Kaufman, and Snoke, 221 
Estradiol: 16-Keto-a-, Huffman and 
Lott, 325 
Estrone: 16-Keto-, Huffman and Lott, 
325 

Ethereal sulfate(s): Urine, determina- 
tion, turbidimetric, Sperber, 441 


Extracellular fluid: Amino acids, amino 
acid ingestion, effect, Christensen, 
Streicher, and Elbinger, 515 


F 


Fat(s): Transport, intestine, phospholip- 
ide relation, Zilversmit, Chatkoff, 
and Entenman, 637 

Fatty acid(s): Brain sphingomyelin, 
Thannhauser and Boncoddo, 141 

Oxidase system, liver, intracellular 
structures, relation, Kennedy and 


Lehninger, 847 
Spleen sphingomvelin, Thannhauser 
and Boncoddo, 14] 


Synthesis, Clostridium kluyveri energy 
metabolism, relation, Bornstein and 
Barker, 659 

Feces: Plutonium determination, Mar- 
well, Fryxell, and Langham, 185 
Folic acid: Purines, relation, Rogers and 


Shive, 751 
Thymine, relation, Rogers and Shive, 
751 
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Food(s): Histidine determination, mi- 
crobiological, Horn, Jones, and 
Bium, 149 


Fungus: Pyridinium halides, substituted 


and unsubstituted, chemical con- 
stitution and, relation, LoCicero, 
Frear, and Miller, 689 

G 
Globulin(s): Accelerator, blood plasma, 
Ware and Seegers, 699 
8-Lacto-, seed, isoleucine, Smith and 
Greene, lil 
Seed, isoleucine, Smith and Greene, 
111 
Glutamic acid: Derivatives, strepogenin 
activity, Woolley, 71 


Metabolism, Lactobacillus arabinosus, 
bicarbonate réle, Waelsch, Prescott, 
and Borel, 343 

Pteroyl-. See Pteroylglutamic acid 


Glutamine: Liver, ascorbic acid de- 
ficiency, efiect, Christensen and 
Lynch, 107 

Muscle, ascorbic acid deliciency, effect, 
Christensen and Lynch, 107 

Glycine: 5(4) - Amino - 4(5) - imidazole- 
carboxamide precursor, Ravel, 
Eakin, and Shire, 67 

ascorbic acid deficiencs effect, 
Christensen and Lynch, 107 

Glycogenolysis: Liver, insulin effect, 
Sutherland and Cori, 737 

Gramicidin: (ounter-current distribu 
tion, Gregory and Craig, S30 

Growth: Biochemical transformations, 
Rogers and Shive, 751 

Drosophila, nucleic acid efiect, Vallee 
and Bissell, 59 
Neurospora, purine-deficient, guanine 
effect, Loring and Fairley, 844 


Guanine: Adenine as precursor, Brown, 
Roll, Plentl, and Cavalieri, 469 
Neurospora, purine-deficient, growth, 
effect, Loring and Fatrley, 843 


H 


Histidine: Foods, determination, micro- 
biological, Horn, Jones, and Blum, 
149 


' Histidine 


INDEX 


continued: 
Proteins, determination, mucrobiolog- 
wal, Horn, Jones, and Blum, 149 


Homoserine: Veurospora methionine 


precursor, as, Horowits, and 
Fling, 651 
threonine precursor, Teas, Horowite, 
and Fling, 651 
Hormone: a-Cell, Langerhans’ islands, 
Heard, Lozinski, Stewart, and 
Stewart 857 
Hyaluronic acid: Hydrolysis, enzymatic, 
kinetics, Dorfman, 77 
Hyaluronidase: Determination, turbidi- 
metric, Dorfman and Ott, 367 


Hydrolecithin: Brain, isolation and iden- 


tification, Vhannhauser and  Bon- 
coddo, 135 
Spleen, isolation and identification, 
Thannhauser and Boncoddeo. 135 
I 

Inanition: Liver protein and enzymes, 
relation, Miller, 113 
Insulin: Liver glycogenolysis, effect, 
Sutherland and Cori, 730 
Muscle pyruvate utilization, effect, 


Haugaard, and Be rlmutter, 
567 
Intestine: bat transport, phospholipide 


Stadie, 


relation, Zrlrersmit, Chatkoff, and 
kntenman, 637 
Iodine: Binding. thyroid gland, iodide 
effect, Wolff and Chaikoff, R55 
Color, polysaccharides, chemical con- 
stitution, relation, Swanson, 825 
Iron: Blood plasma, pyridoxine defi- 


ciency, effect, Cartwright and Win- 
trobe, 557 
Isocitric acid: Bryophyllum leaf, prep- 
aration, Pucher. Ahrahams, and 
Vickery, 579 
Isoleucine: Seed globulins and 8-lac- 
toglobulin, Smith and Greene, 111 


K 
Keto-a-estradiol: 16-, Huffman and Lott, 
325 


Ketoestrone: 16-, Huffman and Lott, 
325 
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fractionation, 


Ketosteroid’s): (rine, 
Dobriner, Lieberman, Rhoads, Jones, 
Williams, and Barnes, 297 

—, identification and characterization, 
Lieberman, Dobriner, Hill, Fieser, 
and Rhoads, 265 


L 


Lactobacillus arabinosus: (:lutamiic acid 
metabolism, bicarbonate role, 
Waelsch, Prescott, and Borek, 348 


Metabolism, biotin relation, Potter 
and Elvehjem, O31 
Lactoglobulin: 3-, seed,  iscleucine, 
Smith and Greene, 11] 


Langerhans: Islands. See Pancreas 
Lecithin: Dipalmitvl. See Iydroleet- 
thin 
Hydro-, brain ana spleen, isolation 
and identification, Thannhauser and 
Boncoddo, 130 
Leucine: Iso-, seed 
Smith and Greene, 


111 


Vhospho-. See Phospholipide 


globulins and = 38- 
lactoglobulin. 


Lipideis): 

VPhosphorus-containing, cabbage leaves, 

phospholipide- splitting enzyme, re- 
lation, Hanahan and Chatkoff, 

191 


Liver: A’-\ndrostene-3(8), 17 (@)-diol 
and A° - androstene -3(8), 16(8), 17- 

(a) - triol isolation, dehydroisoan- 
drosterone and, relation, Schneider 
and Mason, . 
(‘ytochrome distribution, Schneider, 
Claude, and Hogeboom, 45] 


lenzvmes, inanitioneffeet, Willer, 118 
Fatty acid oxidase system, intracellular 


structures, relation, Kennedy and 


Lehninger, S47 
(jlutamine, ascorbie acid deficieney, 
effect, Christensen and Lynch, 107 
(ilyeogenolvsis, insulin effeet, Suther 
land and Cort, 
Mitochondria, isolation, Hog hoom, 
Schneider, and Pallade, 619 
Protein, enzymes and, inanition effect, 
Willer, 113 
Suecinoxidase distribution, Nechnetder, 
(laude, ana Hogqeboom, 45] 


Liver—continued: 
Vitamin A, vitamin A supplements, 
effect, Parrish, Wise, and Hughes, 


3909 

Lysine: ('asein, heat-processed, effect, 
Pader, Melnick, and Oser, 763 

M 

Magnesium: Antinvasin, effect, Baum- 
berger and Fried, 347 
Melanin: Chemistry, Mason, 83 
Methanol: Blood serum fractionation, 
use, Quigley, 713 


Methionine: Neurospora, homoserine as 
precursor, Teas, Horowitz, and 
Fling, 651 

Microorganism(s): Amino acid deter- 
mination, medium, Henderson and 


Snell, 15 
Milk: Pteroylglutamic acid, Aalckar and 
Klenow, 349 
Xanthopterin oxidase, Kalckar and 


Klenow, 349 
Mitochondria: Kiochemical properties, 
Hogeboom, Schneider, and Pallade, 


619 
Liver, isolation, Hogeboom, Schneider, 
and Pallade, 619 


Mold: See also Neurospora 

Molybdenum: Nutrition, efiect, 
lands, Strong, and Elvehjem, 431 

Muscle: Dystrophy, muscle respiration, 
tocopherol phophate effect, Hummel 


and Basinski, 417 
—-, nutritional, phosphorylation, oxi- 
dative, Hummel, 421 


(jlutamine, ascorbic acid deficiency, 
effeet, Christensen and Lynch, 

107 

ascorbie acid deficiency, 
effeet, Christensen and Lynch, 


Giveine, 


107 

Pyruvate utilization, insulin effect, 
Stadie, Haugaard, and Perlmutter, 
567 

Respiration, muscle dystrophy, toco- 
pherol phosphate effect, Hummel and 
Basinski, 417 
Thiouraeil determination, biochemical, 
dietary thiouracil, effect. Franklin, 
Boehne, and Jukes, 123 
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N Pantothenic acid: Acetylation, defi- 
; ciency, effect, Riggs and Hegste 
Nerve-fiber(s): Electrolyte penetration, ‘ petes, 
539 
Rothenberg and Feld, 345 | 
Determination, microbiological, en- 
Neurospora: Methionine, homoserine as ;' 
zyme, Buskirk, Bergdahl, and 
precursor, Teas, Horowitz, and 
Delor, 671 
Fling, 651 ; 
Mutant, pyrimidineless, orotic acid Phosphatase: Suckling pigs, Young and 
accumulation, Mitchell, Houlahan, Underdahl, 
and Nyc, 525 | Phosphate(s): ‘Transfer, enzymatic, 
Purine-deficient, growth, guanine ef- mechanism, Azelrod, l 
fect, Loring and Fairley, 843 | Phospholipide(s): Fat transport, in- 
Threonine, homoserine as precursor, testine, relation, Zilversmit, Chai- 
Teas, Horowitz, and Fling, 651 koff, and Entenman, 637 
Nicotinic acid: Metabolism, compar- ‘Splitting enzyme, cabbage leaves, 
ative, Schweigert and Pearson, 485 phosphorus-containing lipides, re- 
Urine, determination, sugar presence, lation, Hanahan and Chaikoff, 
Banerjee, Ghosh, and Bhattacharya, 19] 
495 Phosphorus: -Containing lipides, cab- 
Nitrogen: Isotopic, creatine and = cre- bage leaves, phospholipide-splitting 


atinine metabolism, use in study, 
Hoberman, Sims, and Peters, 45 
Nitrogenous constituent(s): the- 


baicus urine, Ahalil, 105 
Zamenis diadema urine, Khalil, 101 
Nucleic acid(s): Drosophila growth, 
effect, Villee and Bissell, 5o 
Synthesis, adenine relation, Brown, 
Roll, Plentl, and Cavaliers, 469 
O 

Orotic acid: Neurospora pyrimidineless 
mutant, accumulation, Vitchell, 
Houlahan, and Nyc, 525 


Oxidase: Cytochrome, azide effect, in 
vitro, Stannard and Horecker, 599 

—, cyanide effect, in vitro, Stannard 
and Horecker, 599 
Fatty acids, system, liver, intracellular 


structures, relation, Kennedy and 
Lehninger, 847 
Sucein-, liver fractions, Schneider, 
Claude, and Hogeboom, 45] 
Xanthopterin, milk, Kalckar and 
Klenow, 349 
P 
Pancreas: Langerhans’ islands, a-cell 


hormone, Heard, Lozinski, Stewart, 
and Stewart, 857 


enzyme, relation, Hanahan and 
Chatkoff, 19] 
Radioisotope, calcified tissue metab- 
olism, use in study, Armstrong and 


Barnum, 10g 


Phosphorylase: Activation, polysac- 
charides, chemical constitution, rela- 


tion, Swanson and Cori, 815 
Phosphorylation: Oxidative, muscle 
dystrophy, nutritional, relation, 
Hummel, 42] 
Plutonium: Feces, determination, Maz- 
well, Fryxell, and Langham, 
Polysaccharide(s)}: Chemical constitu- 
tion, Swanson and Cori, 797 
Swanson, SO5 
Swanson and Cori, 815 
Swanson, &25 
Degradation, enzymatic, Siranson, 
SO5 

lodine color and chemical  consti- 
tution, relation, Swanson, 825 


Phosphorylase, activation and chemical 
constitution, relation, Swanson and 
Cort, S15 

Starch-like, acid hydrolysis, Swanson 
and Cori, 797 

Tamarind seed, isolation and character- 
ization, Savur and Sreenivasan, 6501 


Pork: Riboflavin determination, fluoro- 


SC 
| 
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Pork—continued: Pyruvate—continued: 
metric, enzyme use, Watts, Peng, effect, Stadie, Haugaard, and Perl- 
and Esselbaugh, 707 567 
Porphyrin: Proto-, blood cell, red, deter- Pyruvic acid: Oxidation to carbon 
mination, microspectrophotometric, dioxide and water, eyclophorase 
459 relation, Green, Loomis, and Auer- 

—, pyridoxine deficiency, 
effect, Cartwright andWintrobe, 557 R 


, 9, chlorophyll precursor, Granick, 


717 
Pregnane - (@),20 - diol - 11 - one: 
11-Dehydrocorticosterone metab- 


olite, Mason. 7383 


Protein(s): lHlistidine determination, 


microbiological, Horn, Jones, and 
Blum, 149 
Liver, enzymes and, inanition effect, 
Miiler, 113 


Protoporphyrin: Blood cell, red, deter- 


mination, microspectrophotometric, 


Grinstein and Wintrobe,- 159 

, pyridoxine deficiency, effect, 

chlorophyll precursor, G ‘anick, 
revi 

Pteroylglutamic acid: \lilk, Aulchar and 
Alenow., 349 
Scurvy, tyrosine metabolism, Woodruff 
and Darby, 851 
Transformation, enzymatic, Aalckar 
and Klenow, 351 


Purine (s): -Deticient 
growth, guanine effect, Loring and 


Ne dros porada, 


Fatrley, S45 
Folie acid, relation, Rogers and Shive, 


substituted and 


chemical! 


Pyridinium: Halides, 
unsubstituted, 
tion and fungicidal action, relation, 
LoCicero, Frear, and Miller, 6HS0 

Pyridoxine: Blood cell, red, protopor- 
phyrin, deficiency effect, Cartoeright 


constitu- 


and Wintrobe, 557 
- plasma copper and iron, deficiency 
effect, Cartwright and Wintrobe, 


ws 

Pyrimidine: -Deficient Neurospora mu- 
tant, orotic acid accumulation, 
Mitchell, Houlahan, and Nyc, 525 
Pyruvate: Muscle, utilization, insulin 


Reptile(s): Excretion, Ahalil, 101, 105 
Retina: Vitamin A formation, mecha- 
nism, Bliss, 165 
Riboflavin: Pork, determination, fluoro- 
metric, enzyme use, Watts, Peng, 
and Esselbaugh, 707 


S 


Scurvy: Tyrosine metabolism, pteroyl- 
glutamic acid effect, Waeodruff and 


Darby, 851 
Seed(s): Globulins, isoleucine, Smith 
and Greene, 111 
3-Lactoglobulin, isoleucine, Smith and 
Greene, 111 
Tamarind, polysaccharide, isolation 
and characterization, Savur and 
Sreentvasan, 501 
Serine: Homo- See Homoserine 
Snake: thebaicus, urine nitroge- 
nous constituents, Ahalil, 105 
Zamenis diadema, urine nitrogenous 
constituents, Ahalil, 101 
Sodium hyaluronate: Electron micro- 
scope analysis, Gross, 511 
Sodium selenate: Tissue, metabolism, 
Rosenfeld and Beath, 333 
Sodium selenite: Tissue, metabolism, 
Rosenfeld and Beath, 333 
Sphingomyelin: Brain, fatty acids, 


Thannhauser and Boncoddo, 14] 
Sphingosines, Thannhauser and Bon- 


coddo, 141 
Spleen, fatty acids, Thannhauser and 
Boncoddo, 14] 
Sphingosine(s): Sphingomyelin, Thann- 
hauser and Boncoddo, 141 
Spleen: IHlydrolecithin, isolation and 


identification, Thannhauvser and 
Boncoddo, 135 


| 
j 
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Spleen—contlinued: Trypsin: lk:sterase, Schwert, Neurath, 
Sphingomyelin fatty acids, Thann- Kaufman, and Snoke, 291 
hauser and Boncoddo, 141 | Tryptophan: Acetyl-, utilization, Al- 
Starch: -Like polysaccharides, acid hy- banese, Davis, and Lein, 39 


drolysis, Swanson and Cori, 797 
Steroid(s): Keto-. See Ketosteroids 
Metabolism, Dohriner, Lieberman, and 
Rhoads, 241 
lieberman, Dobriner, Hill, Fieser, 
and Rhoads, 263 


Dobriner, Lieberman, Rhoads, Jones, 


Williams, and Barnes, 207 
—, intermediary, Schneider and 
Mason, 771 
Neutral, urine, isolation and deter- 


mination, Dobriner, Lieberman, and 
Rhoads, 241 
16-Substituted, and Lott, 
325, 
Strepogenin: Glutamic acid derivatives, 
activity, Woolley, 71 
Streptomycin: Bacteriostatic action, urea 
effect, Fitzgerald Bernheim, 
S45 
Succinoxidase: Liver fractions, Nchnei- 
der, Claude, and Hogehoom, 151 
Sugar(s): Blood. See Blood sugar 
Sulfate(s): Kthereal, urine, determin- 


and 


ation, turbidimetric, Sperber, 441 
T 
Tamarind: Seed polysaccharide, isola- 


tion and characterization, Savur and 
501 
Thiouracil: Muscle, determination, bio- 
chemical, dietary thiouracil, effect, 
Franklin, Boehne, and Jukes, 123 


Threonine: Neurospora, homoserine as 


Sreentvasan, 


precursor, Teas, Horowitz, and 
Fling, 651 
Thymine: Folic acid, relation, Rogers 
and Shive, 


Thyroid: Iodine binding, iodide effect, 


Wolff and Chaikoff, 855 
Tissue(s): Cytochemistry, Hogeboom, 
Schneider, and Pallade, 619 
Tocopherol: Phosphate, muscle respi- 
ration, muscle dystrophy, effect, 
Hummel and Basinskr, 117 


- 
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Metabolism, comparative, Schwedgert 
485 
Davis, and Lein, 
39 
Dihyvdroxyphenylalanine 
S3 


and Pearson, 
Utilization, Albanese, 


Tyrosinase: 
oxidation, mechanism, Mason, 
Tyrosine: Metabolism, scurvy, pteroyl- 
glutamic acid effect, Woodruff and 


Darby, 

U 
Urea: Blood serum albumin, organie 
anions, combination, denaturation 
effect, Duggan and Luck, 205 
Carbon, source, Mackenzie and du 
Vigqneaud, 353 


Streptomyein, bacteriostatic action, 


effect, Fitzgerald and Bernheim, 

845 

Synthesis, enzvmatic steps, Cohen and 
Hayano, 105 
Uric acid: Diabetes, Griffiths, 853 
Urine: Amino acids, Woodson, Hier, 
Solomon, and Bergeim, 613 
Androstenetriol, synthesis, partial, 
Huffman and Lott, a 


sulfates, determination, tur- 

14] 
Dobriner, 
thoads, Jones, Williams, 


hidimetric, Spe rher, 
KNetosteroids, fractionation, 
Lieberman, 
and Barnes. 
, identification and characterization, 
Dobriner, Hill, Fieser, 
263 
determination, sugar 
Ghosh, and Bhat- 


Lie he rman, 

and Rthoads, 
Nieotinie 

presence, Bane ‘ 


acid, 


tacharya, 495 
Nitrogenous constituents, the- 
baicus, Khalil, 105 
—-—, Zamenis diadema, Khalil, 101 


Steroids, neutral, isolation and deter- 
mination, Dobriner, Lieberman, and 


Rhoads, 241 
Uronic acid‘s): Ilyal-. See Hyaluronic 
acid 
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Vitamin(s): A, blood serum, vitamin A 
supplements, effect, Parrish, Wise, 
and Hughes, 355 

—-, liver, vitamin A supplements, ef- 
fect, Parrish, Wise, and Hughes, 
355 

—, retina, formation mechanism, Bliss, 
165 


Vitamin (s)—cuntinued: 
deficiency, benzo quinoneacetic acid 


exeretion, relation, Fishberg, 155 

X 
Xanthopterin: Oxidase, milk, Aalekar 
and Klenow, 349 

Z 


Zamenis diadema: See Snake 
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Minton, The of antibacterial action of 


he, 


‘ 
‘ ‘ 
. 


